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SUMMARY

The analysis of asymmetric, curved (Coanda) ejector flow has been
completed using a finite difference technique and a quasi-orthogonal streamline
coordinate system. The boundary=layer-type jet mixing analysis accounts for
the effect of streamline curvature in pressure gradients normal to the stream-
lines and on eddy viscosities. The analysis assured perfect gases, free of
pressure discontinuities and flow separation. The analysis treats the three
compound flows of supersonic and subsonic streams, those are: (1) primary
flow of the driving nozzle, (2) secondary flow between the primary nozzle and
the Coanda surface, (3) tertiary flow between the primary nozzle and the other

surface of the mixing section.

A test program was completed to measure flow parameters and ejector
performance in a vented Coanda flow geometry for the verification of the com-
puter analysis. A primary converging nozzle with a discharge geometry of
0.003175 m x 0.2032 m was supplied with 0.283 m3/sec of air at about 241.3 kPa

absolute stagnation pressure and 82°C stagnation temperature.

One mixing section geometry was used with a 0.127 m constant radius
Coanda surface. Eight tests were run at spacings between the Coanda surface
and primary nozzle 0.01915 m and 0.318 m and at three angles of Coanda turning:

22.5°, 45.0°, and 75.0°.

The wall static pressures, the locii of maximum stagnation pressures,
and the stagnation pressure profiles agree well between analytical and experi-

mental results.

Key Words:

Ejector Computer Program
Coanda Experimental
Compressible Flow

Analysis

Finite Difference
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Section 1

INTRODUCTION

1.1 Background

The augmentor wing concept under investigation by NASA for STOL air-
craft 1ift augmentation is powered by an air to air ejector. The wing boundary
layer is drawn into the deflected double flap augmentor channel at the trailing
edge of the wing and is pressurized by a high velocity slot jet which is ori-
ented at an angle to the augmentor channel. To predict the performance and to
optimize the design of the complete augmentor wing, an analytical method is
needed to predict the performance of the air ejector which powers the augmentor

flap section.

Under contract NAS2-5845 a computer analysis was developed for
single nozzle axisymmetric ejectors with variable area mixing sections using
integral techniques, Reference 1. The ejectors of primary interest in that
program and earlier programs were high—entrainment devices using small amounts
of supersonic primary flow to pump large amounts of low—pressure secondary flow.

Good agreement was achieved between analytical and experimental results.

The integral analytical techniques used to analyze the axisymmetric
ejector configurations are also valid for the analysis of two—dimensional ejec-
tors. However, the augmentor wing configuration may include asymmetric geo-
metries, inlet flow distortions, wall slots, and primary nozzles that are at
large angles to the axis of the augmentor mixing section. The integral tech-
niques are not easily adaptable to these more complex flows. Finite difference
techniques can be used to analyze these more complex flow geometries at the

expense of increased computer time.

Under contract NAS2-6660 a computer program (Reference 2) was
developed for two~dimensional, symmetrical mixing sections using finite dif-
ference technique and rectangular coordinate system. When Coanda effect is
used in two-dimensional ejectors the geometry is not symmetrical and the use

of rectilinear coordinates becomes difficult. Flow computations have to account



for the pressure gradient in the direction normal to the ‘streamlines.

1.2 Objectives of the Program

The following objectives were defined for chistinﬁestigation:

1.

Develop a computer program for two-dimensional vented Coanda
ejectors with non-symmetric variable area mixing sections, with
variable Coanda turning, and with variable primary nozzle

spacing.

Obtain test results with a variable nozzle position vented
Coanda ejector configuration for the development and checking

of the computer program.



Section 2

NOMENCLATURE

Nozzle discharge area (m2;' in2)

Coefficient appearing in the finite difference equations (-)

,Coefficient:apﬁearing in the finite difference equations (-)

Specific heat at constant pressure (J/kgeK; Btu/1bm°R)
Nozzle discharge coefficient (=)

Coefficient appearing in the finite difference equations (-)
Coefficient appearing in the finite difference equations -)
Nozzle exit height (m; f£ft)

Dimensionless eddy viscosity, vT/uod (-)

Thermal conductivity of fluid (W/mK; Btu/hrft°F)

Curvature of streamline, 1/R (1/m; 1/ft)

Dimensional constant, (32.2 lbm—ft/lbf—secz)

Prandtl mixing length (m; ft)

Dimensionless mixing length, 2/d (=)

Node points along a streamline (-)

Streamline coordinate (normal to streamlines) (m; ft)
Streamline designation (~)

Barometric pressure (kPa; psia; inch HZO)



max

0l

max

Static pressure (kPa; psig; inch HZO)
Reference pressure, primary stagnation pressure (kPa; psia)
Turbulent Prandtl number, \)T/eH )

Prandtl number, uCp/k )

2 2
Effective heat transfer (between streamlines) (W/m °C; Btu/ft sec®F)

Radius of curvature (streamline; wall) (1/m; 1/ft; 1/in)

Gas constant (Nm/kg®K; 1bf-ft/1bm°R)

Richardson number (2u/R)/(3u/dn)(-)

Streamwise coordinate (along streamlines) (m; in)

Nozzle coanda wall spacing (m; inch)

Atmospheric temperature (°C; °F)

Fluid temperature (°K; °R)

Maximum fluid temperature at an x = constant cross section (°K;
)

Reference temperature, primary stagnation temperature (°K; °R)

Velocity in s direction (m/s; ft/sec)

Reference velocity, u = /E;TEI (m/s; ft/sec)

Unknown velocity at the nth grid point (m/s; ft/sec)

Velocity in x direction (m/s; ft/sec)

Centerline velocity (m/s; ft/sec)

Maximum fluid velocity (m/s; ft/sec)

cR)



Ay

01

Secondary velocity (m/sec; £ft/sec)

Mixing section total flow (kg/sec m; 1lbm/sec in_)

Nozzle flow rate (kg/sec-m; 1bm/selc in)

Secondary flow rate (kg/sec-m; 1bm/sec in)

Tertiary flow rate (kg/sec-m; 1lbm/sec in)

Space coordinate in the axial direction (m; in)
Dimensionless space coor&‘vinate in the axial direction, x/d (<)
Step size in x- direction (-)

Space coordinate perpendicular to axial direction (m; in)

Dimensionless space coordinate perpendicular to axial direction,

y/d (=)

Dimensionless distdnce from wall (-)

Nozzle angle (coanda turning) (degrees)

Ratio of specific heats, Cp/cv (-)

Stream function (kg m2/sec; 1bm/ft sec)
. , 3 3

Fluid density (kg/m”; 1bm/£ft”)

Fluid density evaluated at a reference temperature, TOl’ and pres-

sure, POl (kg/m3; 1bm/ft3)
Dynamic viscosity (Ns/mz; 1bm/ft sec)
Total effective shear stress (Pa; psi)

Local wall shear stress (Pa; psi)



Turbulent eddy conductivity, zzau/an (m2/s; ft2/sec)
. 2 2
Eddy coefficient of heat transfer (m"/s; £t~ /sec)
2 2
Kinematic viscosity at local temperature (m /s; £t /sec)
Local wall boundary layer thickness or jet half width (m; in)

Dissipation function (N/mzs; 1bm/ft sec3)



Section 3

ANALYSIS OF VENTED COANDA FLOWS IN AUGMENTOR DUCTS

3.1 . Introduction

This section presents the analysis of asymmetric curved augmentor
flows which are steady two-dimensional and compressible and for which the duct
geometry is general. The method extends the work presented in reference (2) but
a new analysis has been performed and a new program has been developed. The
analysis employs the finite-difference technique for representing the equations
of motion for compressible flow. It is essentially a boundary-layer-type jet
mixing analysis, written in streamline coordinates for ease of computation of
curvature effects. The effects of streamline curvature on pressure gradients
normal to streamline and on eddy viscosities are computed. Magnitudes of stream-
line curvature effects are estimated by using a quasi-orthogonal coordinate sys-
tem and assumed variation of curvature with distance in the normal coordinate

direction.

The analysis treats the mixing of three compressible flows of the
same perfect gas under the assumption that initial conditions are known and that
pressure discontinuities and flow separation are absent. The nozzle exit flow
may be supersonic but it is assumed that expansion or recompression outside the
nozzle, if needed, will bring the nozzle stream to the local ambient pressure so
that shocks and expansion waves at the nozzle exit plane are avoided. Previous
work has shown that augmentor performance is little affected by moderate degrees
of departure from conditions of correct nozzle expansion. The flows considered
include compound flows of supersonic and subsonic streams; however no provision
is made for compound choking which may occur with an appropriate transverse dis-
tribution of Mach number. Such a condition is amenable to analytical treatment
under simplified circumstances, but has not been encountered in experimental

tests carried out so far.

To retain the simplicity and speed of the boundary layer approach to
augmentor calculation, while incorporating approximate curvature effects, it is

necessary to assume an approximate starting line. In the present work the



starting line is comprised of two circular-arcs (See Fig. 1 ) which are tangent
to each other, and perpendicular to the nozzle axis at the nozzle exit plane;
one arc is normal to the upper wall and one to the lower wall of the duct. In
the absence of detailed experimental information on velocity profiles in the

. wall boundary layers and in the jet shearing layers at the initial plane, the
dinitialization condition has assumed uniform stagnation pressure in the nozzle
flow and, separately, for the secondary and tertiary flows. In addition, for
the examples worked out in this report, the secondary and tertiary flows have
been assumed to have the same stagnation conditions. In computing initial con-
ditions around the circular arcs, the effect of curvature on normal pressure
gradient .has been taken into account; the initialization satisfies the conti-
nuity equation separately for primary, secondary, and tertiary streams under
the .constraints of local duct width (along the assumed circular arc starting
lines), location of the nozzle centre line, and angle of the jet axis with res-
pect to the coordinate system of the duct walls. This initialization is of
course approximate but is reasonable to use in the absence of better informa-
tion on flow starting conditions. If better information is available the ini-
tialization procedure adopted in this analysis may readily be replaced to use

more detailed or exact information.

3.2 Equations of Motion

The momentum, normal pressure gradient, and energy equations in

streamwise coordinates are:

bu_ _ 92, 0
PU s = =35 T o (Tegs) (1)
2. _ 9P _1
pu'kK = ™ K = R (2)
3(C T)
P _ , 9% 3
Pu —5g Uas T on (degg) T O (3)

in which

- du
Tegr = W Fevp) o0



aT
e = (ke + pCpeH) an

Ju 2
¢ = (u + DVT) (’5;]

In these equations s and n measure distance along and normal to the streamlines,
respectively, and u is the velocity component in the stream direction; p is the
static pressure; p the density and T the temperature of the fluid, T is the

eff

total effective shear stress and vT the eddy viscosity of the fluid with p being

the dynamic viscosity. Correspondingly, is the effective heat transfer be-

q
tween streamlines with €q be. eddy cgzgficient of heat transfer and k the
fluid conductivity. Constant values of laminar and turbulent Prandtl numbers
have been assumed in the analysis. The term ¢ is the dissipation function, in-
cluded in the energy equation. The first order effects of curvature on static

pressure are included through the normal pressure gradient equation (2).

Stream Function

The stream function ¥ is defined by

== = pu (4)

With (4) equations (1), (2), and (3) becore:

ug—:=—%%§+u%i}u(p+pvqj)g—g{

- %

ua—(gl;-'f-)—=-§%§+us% pu(k+CppeH)%%:[+ {U_'F#r-][gug_,‘ﬂz
3.3 Dimensionless Parameters

Each variable in the equations of motion is normalized by use of

the following reference variables:

* u * P * T
= - P = e = —— B e
u u P T T e

o 01 01 Po1



;

* s * _n * R * d
s = d n = 3 R = d K = R
* v AY ucC
01% u rt €y T
C
*
Yy = wud Y=ER
pOl o v
in which
u =v¢vRT
o g 01
Po1 = Por/ RTpy)
d = nozzle exit height (the small dimension)
POl = primary stagnation pressure
TO1 = primary stagnation temperature

Introducing these dimensionless groups into the equation of motion

yields the following results:

*
* 3 1 8P * 3 * % % * du
U‘L*=-—*—*+u—*-pu(u +p E) Syx
9s p 9s oY
* %
St - 22
Y
* 3T 1 * oP * 3 * % E oT
Y = u_oar -9 o, B ol
u * [ Y ] * % Tu x [P U [P + ) *
s p 3s oY r rt/ vy
* 2
+ [Y - 1J[u + 0 E] * % Ju
Y * *
o] oY

From henceforth we omit the superscript * for convenience so that

the following are the equations of motion in dimensionless form:

Su _ _13p 2 du
u o 5> as T Uy [pulu + o) 3‘}] (5)

10



uK = o= (6)

T _ jy =1} u o R B, _E )3T
( Y ]pas+“a "“[Pr+Prt) Y

2
R

3.4 Evaluation of the Eddy Viscosity

In general the eddy viscosity is defined by:

v = 22 du (8)

Writing this in dimensionless form, using the dimensionless parameters specified

previously and the stream function, the eddy viscosity expression becomes:

L2y 28 (9)

E ¥

in which
v
£ T
L= | and E = )
o
The effect of streamline curvature is taken into account by use of

the Richardson Number correction in the following approximate form:

L

L0 exp(—SRi) R, >0 (10)

t
[}

LOE’Z - exp(3Ri):[ R, <0 (11)

in which Lo is the dimensionless mixing length in the absence of stream curva-

ture and Ri is the Richardson Number defined by:

= 2u , du
R, =X / %n
2K
or Ri T (12)
Y

11



For small values of |Ri| the above dependence of L on Ri is approx-
imately in accord with the linear relationship derived by Bradshaw (3). For
large values of ‘Ril an empirical correlation is not available, and the expo-

nential relationship has been assumed.

In the absence of curvature the mixing lengths Lo are defined as

follows.

Boundary Layer

In the inner part of the layer the Van Driest approximation is used.
+
L0 = 0.41 Ay[1l - exp(~y /26)] (13)

in which Ay is the dimensionless distance from the wall. The variable
y+ = AX"T_W (14)
Vv P

is evaluated using

T == - —=— (15)

in which the subscript 2 denotes the streamline coordinate point closest to the

wall.

In the outer part of the layer the mixing length is evaluated by

- s
L = 0.09 [d] (16)

in which § is the boundary layer 997% thickness and d is the nozzle exit width.

In the middle part of the layer the smaller of the values of L0

provided by Equations (13) and (14) is used.

Jet Shear Layers

In the shear layer adjacent to the potential-core zone of the pri-

mary jet the mixing length is evaluated from

12



d U

A v c
L, = 0.07 [—] [1 + 0.6 —Se—] (17)
CL

in which A is the shear layer width (including the zone between 1% and 99% of
the total velocity difference between primary and secondary streams) divided by
the nozzle width at its exit plane. The term in parentheses takes approximate
account of the effects of the secondary velocity, Usec’ of a co-flowing outer

stream, on the mixing of a jet whose centerline velocity is UCL'

For a '"'fully-rounded" portion of the jet flowing co-axially with a
secondary potential stream, the mixing strength Qas been calculated from
A v
L, = 0.09[—] [1 + 0.6 —Se—c] \ (18)

d Yer

\
in which A is the half-width of the jet (evaluated from centerline to the point

at which difference between local and secondary veldcity is only 1% of the dif-
ference between centerline and secondary velocity), divided by the nozzle width

at its exit plane.

Developing Pipe Flow Region

'

For the region downstream at the point where the jet spreads to
intersect the edge of the boundary layer the mixing is evaluated, as a first

approximation only, from

ayl? ayl4
L =¥ l0.14 - 0.08[1 - —X] - 0.06[1 - —1] (19)
o d w w

in which w is half the total width, and Ay the distance from the wall. This
formula is due to Nikuradse and is cited by Schlichting (3) for fully developed
flow in round tubes. Near the wall the mixing length is evaluated by the Van
Driest approximation cited earlier, provided the local mixing length so calcu-~

lated is less than that given by the Nikuradse formula.

13



The laminar dynamic viscosity is evaluated from (1):

u T .. T 1/2 T + 198.7°R
L= ref 01 ref (20)
- o
POI‘ {EgTOl d Tref TOlT + 198.7°R

in which Mg is the laminar dynamic viscosity at a temperature Tref and a pres-

sure Pr and T is the dimensionless temperature (normalized by the inlet sta-

ef
gnation temperature of the primary stream TOl'

The wall shear stress (normalized by the inlet stagnation pressure
POl)is given by Equation (15). Eor this equation to be realistic, the grid
spacing must be chosen so that y at node point 2 is not greater than 3 - 4.
The associated wall friction velocity (normalized by the reference velocity uo)

is given by:

* Yy Ay dP
—4/[-<£_2ya| i
b \/[Ay 2u dXJ P (21)
3.5 Finite Difference Procedure

By the finite difference technique the derivatives in the differ-
ential equations of motion are replaced by differences either along a stream-
line between two neighboring points X and X + dX or normal to it between two
neighboring points ¥ and ¥ + d¥. The finite difference equivalence of the

equations of motion are obtained as follows with reference to the following grid

lines:
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Writing the velocities in terms of a taylor expansion:
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Using another Taylor Series expansion with a general coefficient:
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The terms in Equation (5) become:
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in which S = pu(u + pE)
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With
Equation (5) may

A
n -

in which

these finite~difference equivalents for the derivative terms

be written in the form:
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Similarly, Equation (7) may be written in the form:

A

T

n-12,n

in which

+ B

n - 1T2, n-1 +

c

n - 1T2, n-1

D

=D

n

n -1

1

(22)

(23)

(24)
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Coefficient Matrix

The general equation

D

1% -1 -1

An - an + Bn _ 1Xn +1 +

with boundary conditions

ul =0
=1

U =0

n

Tn = Tn -1

can be written for each of the n grid points with the result:
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€2 2 B X3 Dy
Cn -3 An -3 Bn -3 0 Xn -2 Dn -3
Ch-2%-2B - 2|%a-1 n - 2
-8 X
- drn - | .
whg;e § = 0 in momentum equation
§ = 1 in energy equation
The first and second equations are:
Xl - 6X2 =0
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in which
'=
A 1 C16 + A1

The last two equations are:
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+
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Combining these

+
Ch - X -2

in which

With these two results the order of the matrix can be reduced to n - 2.
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This is solved by the Thomas Algorithm as indicated in References

(2) and (5).

3.6 Boundary Conditions

The boundary conditions of the walls are:

YW(X) (upper and lower walls)

y =
K = Kw(x) (wall curvature)
¥ = const
u=20

g%-= 0 (adiabatic wall)

In the program provision is made for the calculating wall curvatures

from wall coordinates x, y using a least-squares smoothing procedure.

ordinates must be specified with sufficient precision to estimate realistic

values of wall curvature.

3.7 Quasi~Orthogonal Coordinate System

Wall co-

To preserve orthogonality of the coordinate system the step sizes

AS must be adjusted according to:

3ds _ As

an R
or dds _ As

¥ T puR

20

(38)



Starting with an arbitrarily chosen step size at the nozzle centre line the
step size for adjacent streamlines is calculated with the finite~difference
equivalent of this formula, using mean values of curvature, density, velocity

and step size between the neighboring streamlines.

Streamline curvature (K = 1/R) is assumed to decay exponentially

with distance from the wall according to:

Anl An2
K= Kl[l - —E—}exp(—a|Kl|Anl) + K2 —;rexp(~a|K2|An2) (39)

in which Kl(positive) and Kz(negative) are the curvatures of the lower and up-
per walls, respectively. Anl and An2 are the distances along the streamline
orthogonal to the lower and upper walls, respectively and w is the sum of the
two. The decay constant o appears to have a value 2 for potential flow around
a cylinder, but in these boundary layer flows a value of 4 seems more appropri-
ate, from comparisons of measured and calculated pressure distributions. The
contribution of the first term to streamline curvature in the vicinity of the

upper wall is negligible, and vv.

3.8 Solution Procedure

The first step in the solution is to determine all flow properties
on the initial line. First the radii of curvature of the two circular arcs are

determined iteratively to satisfy the conditions of mutual tangency at the noz-

zle centerline, and orthogonality to the nozzle centerline and to the two walls.

The initial stagnation conditions are given and assumed the same for secondary
and tertiary flows (See Fig. 1 ). The primary mass flow and the sum of primary
and secondary mass flow rates are also given. The initialization then solves
iteratively for the split between secondary and tertiary flow rates, and the
values of all properties along the initial line under the requirement of mass
conservation, and assuming isentropic flow up to the initial line. The solu-
tion procedure accommodates substantial effects of streamline curvature, but
will not succeed if the total ingested flow rate is so small that the local

velocity e.g. at the lower side of the nozzle (Fig. 1 ) is negative. The
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initialization procedure also selects the location of streamline node points,
with very close spacing required near the walls, and moderately close spacing

in the initially-thin shear layers of the jet.

For a set of n streamlines and known boundary conditions, equations
(22) and (30) each provide a set of n — 2 conditions to solve for the unknown
velocities and temperatures. Each set of equations can be solved simultaneously
if the pressures at downstream node points are known or assumed. For calcula-
tion of flow between curved chamnel walls, the pressure gradient along ome
streamline is assumed and the downstream pressure on that streamline determined
from this gradient and the arbitrary step size. Pressures at corresponding
node points on adjacent streamlines are determined by use of the finite-dif-
ference form of Equation (6). With the downstream pressures determined, equa-
tions (22) and (30) are solved to provide downstream velocities and temperatures,
and subsequently all other properties at downstream points. If the calculated
value of the outer boundary location does not agree satisfactorily with the

actual wall geometry, a new value of the pressure gradient is chosen.
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Section 4

TEST PROGRAM

A two dimensional experimental rig was designed, fabricated, and
installed in our laboratory. The purpose of the experimental work was to obtain
test data for verification and adjustment of the computer analysis. The experi-

mental program 1s described in this section.

4.1 Experimental Apparatus

4.1.1 Two Dimensional Ejector

The two-dimensional e
and a two dimensional mixing section. The arrangement of the ejector system for

the four nozzle positions tested is shown in Figures 2 and 3 and the positions

are listed below.

Test # Nozzle Angle (B) Spacing (t) (inches)
1&2 22.,5° 0.80
3&4 45.0° 0.80
5&6 45.0° 1.31
7&8 67.5° 0.70

The nozzle angle (B) is defined as the angle measured between the
vertical and the line running from the center of the coanda arc to the center-
line of the nozzle at the throat while the spacing (t) is defined as the per-
pendicular distance of closest approach between the nozzle and the coanda sur-

face.

A picture of the primary nozzle is shown in Figure 4. The discharge
slot is 0.1215" + .0005" by 8.00" with rounded corners. The side walls are
made from one quarter inch carbon steel. Four internal supports prevent sub-
stantial widening of the discharge slot when the nozzle is pressurized. Dial
indicator measurements performed in previous tests revealed that the slot opened
up by about 0.0008 inches in the center of the nozzle, about 0.0004" at the
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quarter width location, and zero near the ends of the slot. This corresponds
to an increase in nozzle slot area of 0.33% when pressurized. Stagnation pres-
sure measurements were made with a kiel probe from side to side at two different
axial locations and were found to be uniform across the 8" width of the slot

(See Appendix A).

Aluminum pieces on which the nozzle pattern had been cut at the
desired angle were bolted to the inside of the side plates to position the noz~
zle in the inlet to the mixing section (Figs. 6, 7, 8). The nozzle was held
firmly in place by threaded rods connectingbrackets on each side of the nozzle
tobrackets attached to busses welded to the side plates of the mixing section

(See Figs. 6, 7, 8).

The mixing section, as shown in Figure 2, consists of a rectangular
variable area channel formed by two identically contoured aluminum plates, two
flat side plates and two dissimilar curved inlet pieces. The upper bellmouth,
the coanda surface, is a constant radius (r = 5.00 inch). The nozzle is posi-
tioned close to this surface and relies upon the coanda effect to turn the pri-
mary flow smoothly into the test section. The lower inlet consists of a bell-
mouth piece and a straight section. The pictureé in Figures 6, 7, and 8 show
three views of the mixing section. The two contoured plates were positioned in
symmetrical locations about the centerline to form the channel tested (throat
height of 1.875"). The width of the mixing section is a constant 8.00 inches
along the entire length. The variation of channel height with distance from
the nozzle discharge is given in Table 1. Three plexiglass windows were in-~
stalled along each side of the mixing section so that tufts of wool mounted

inside could be observed for indications of flow separations and unsteadiness.

The screened mixing section inlet is shown on Figure 9. Earlier
tests (Ref. 2) without the extended inlet showed that highly swirling cormer
vortices were formed in the four cormers of the bellmouth and extended into
the test section. The extended inlet eliminated the corner vortices and im-
proved the stability of the ejector flow and static pressures. Four sets of

screened inlets were used in the testing to accommodate the four nozzle positioms.
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4.1.2 Facilities for Ejector Tests

Three subsystems are required for the operation, control and measure-~
ment of the air flow through the two dimensional ejector (Figure 9). These
three subsystems referred to as the primary flow, the mixed flow, and the bound-

ary layer suction systems are discussed below.

The primary air flow is supplied by a 900 scfm non lubricated screw
compressor at 100 psig and an equilibrium operating temperature between 100°F
and 140°F. The primary air flow rate and pressure are controlled by an auto-
matic pressure regulator capable of maintaining pressure to within + .1 psi of
a set value. The mass flow is measured by a standard 3 inch Danial orifice

system. A flexible hose connects the primary orifice system to the nozzle.

The mixed flow system consists of a plenum chamber and an 8 inch
orifice system. Two different operating flow rates were achieved by the fol-

lowing equipment combinations.

1. Maximum Flow Rate at Atmospheric Discharge - Mixed flow dis-

charges directly into the laboratory.

2. Reduced Flow Rate at Back Pressure - The plenum and orifice

are connected to the mixing section discharge.

Mixed orifice flow rates were obtained only for the reduced flow rate condi-
tions. The plenum is shown connected to the mixing section by flexible hose
in Figure 10.

The suction system removes the boundary layer flow from each of
the four corners of the mixing section to prevent wall boundary layer separa-
tion in the ejector. TFigure 11 shows six 3/4 inch tubes connected to the top
corners of the mixing section. A total of 12 tubes (top and bottom) collect
the boundary layer flow from the four corner suction slots which are 0.060
inches wide and are machined into the sides of the contoured plates (See Figs.
12 and 13). The four tubes at one X location are comnected to a single large

tube under the mounting table (Fig. 14). The three large tubes are each
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connected to a large tank plenum through a separate throttle valve. A Roots
blower draws the air through the suction system and through a three inch
orifice system. The suction system is capable of removing about 17 and 27 of
the mixing section flow rate. During the operation of the ejector rig, the
boundary layer suction system was used to prevent flow separation in the mixing

section diffuser.

The ejector system was operated by starting the primary air flow
at low pressure and flow rate. The primary nozzle pressure was increased to
22 psig and the suction was then turned on. Approximately 1/2 hour of warm up

time was allowed before testing.

4.2 Instrumentation and Data Reduction

4.2.1 Instrumentation

The following instrumentation was used in the test facility.

Primary Flow System

Flow Rate - Standard 3" orifice system
Nozzle Pressure - Bourdon Pressure Gage accurate to + .10 psig
Nozzle Temperature - Copper Constantan thermocouple with digital

readout

Mixed Flow System

Flow Rate - 8" orifice system for reduced flow rate conditions

(Tests 2, 3, 6 and 7)

Static Pressures - 77 wall static pressure taps located throughout
the mixing section on both top and bottom con-
toured plates and on both bellmouth pieces (See
Figs. 12 and 13). As shown in Figure 10, the
static taps were connected to a valving system
which permitted easy determination of individual

static pressures without the need for a large
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manometer bank. Tygon tubing was used to con-
nect the taps to four pressure sampling valves
each capable of handling 24 inputs. These pres-
sure valves were in turn connected through a
switching network to any of 3 well type mano-
meters which permitted the accurate determina-
tion of pressures over the range of + 25 inches

of water gage to - 75 inches of water gage.

Traverse Data - Stagnation pressure and temperature profiles were
measured at up to 11 axial locations using a 1/8"
diameter stem kiel pressure-~temperature probe.
Both a mercury manometer and a pressure transducer
coupled with a direct digital readout were used
for pressure measurements. A direct digital read-

out was used to indicate total temperatures.

Suction Flow System

Flow Rate - 3" orifice system

Suction Pressure - Bourdon type pressure gage

Reduction Procedures

4.2.2 Data
gram.
puter. The

data reduct
ficients.

in the main

Three types of data reduction calculations were needed in this pro-

1. Standard orifice calculations
2. Velocity profile calculations

3. Integration of velocity profiles to calculate flow rate

All of these calculations were programmed on a time sharing com-
orifice calculations were programmed as a subroutine to the main
ion program using standard orifice equations and ASME orifice coef-
The equations used in the determinations of velocity were included

program and are the standard compressible flow relationships which
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can be found in most fluid mechanics text books.

The integrated mass flow rate for each traverse was computed by
integrating the product of the local velocity and local density over a two di-
mensional section of unit width. The program also calculated the "mass-momen-
tum" stagnation pressure at each traverse section using the equations presented
on pages 52 and 53 of Reference 6. The mass momentum method determines the
flow conditions for a uniform velocity profile which has the same integrated
values of mass flow rate, momentum, and energy as the non-uniform velocity pro-

file actually present.

4,2.3 Experimental Uncertainty

Orifice Calculations

The techniques presented in Reference 7 were applied to the primary
flow orifice calculations and the mixed flow orifice calculations. The follow-

ing uncertainty results were obtained:

Orifice Pressure (psig) Uncertainty

Primary Nozzle 22 psig + 0.8%

Mixed slightly above + 1.3%
atmospheric

Static Pressure

Uncertainty in the wall static pressures occur mainly because of
fluctuations in the manometer liquid columns caused by unsteadiness in the
flow. The degree of these fluctuations may therefore be used as an indication
of the uncertainty of the pressure readings. TFor the unrestricted maximum
flow rate condition the wall static pressure fluctuation reached a maximum of
+ 1.0 inch of water, while for the reduced flow rate condition the maximum

reached only + 0.4 inch of water,.

Integrated Mass Flow Rate

The mass flow rate calculated by integrating the results of the
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stagnation pressure and temperature traverses is influenced by many items and
is therefore very difficult to estimate. The following items all contribute

to the uncertainty in integrated mass flow rate:

1. unsteady wall static pressures
2. unsteady traverse stagnation pressures
3. instrument accuracy of the pressure transducer and digital
readout
4. dinaccuracies due to the effect of steep velocity gradients on
sensed pressure
5. dinaccuracies due to probe effect near the mixing section walls
6. dinaccuracy in probe position
7. assumptions and inaccuracies associated with the data reduc-
tion computer program
8. data recording errors or computer data input errors
9. errors caused by loose connections in the pneumatic sensing
tube between the probe and the transducer
10. non-two-dimensional flow distribution across the width of the

8 inch mixing section

All of these effects could combine to give both a + uncertainty band and a

fixed error shift.

One measure of the uncertainty due to these effects is obtained
from the limits of individual integrated mass flows for each test run. These
values are listed on Table 2 for all of the test runs with traverse data.

The results presented on Table 2 show an average variation of +4.4 and -3.0
or a total spread of 7.4%. These values only include the effect of variable
uncertainty and exclude the uncertainty due to probe errors in steep gra-
dients and near walls and integration assumptions. Both of the excluded er-
rors probably cause the integrated mass flows to be too large because the
probe tends to measure too high near the wall and the integration program

neglects wall boundary layers. '
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4.3 Test Schedule and Results

A total of eight ejector tests were carried out on one mixing
section configuration (1.875" height) and at one nozzle pressure, 22 psig.
Four different nozzle positions were tested each at atmospheric discharge and
at a back pressure condition. Figure 3 summarizes the conditions for each of
the tests. In each test, readings were taken from the wall static pressure
taps, orifice system instruments, and from the total pressure and temperature
taps on the traversing probe. The number and location of traverses varied
from test to test. The traverse locations and a summary of the data presented

for each test is given in Table 3.

The data presented in this report falls into the following cate-

gories:

Test Conditions and Mass Flows

Static Pressures

Maximum Local Pressures

Velocity Profiles

Richardson Number Coefficient Sensitivity

Streamline Curvature Decay Sensitivity

A summary of the figures and tables used to present data from each
test run is presented in Table 3. Discussion of the data will be taken up in

the next section.

A sample of the static pressure data as taken is tabulated in Ap-

pendix A for Tests 7 and 8.
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Section 5

COMPARISON OF ANALYTICAL AND TEST RESULTS

5.1 Test Conditions and Mass Flows

Table 5 and Figure 15 show a comparison of

a) the total flow rate measured by an orifice downstream of the
diffuser

b) total flow rates determined by integration of measured velocity

profiles at various sections in the test section

c) flow rates inferred by use of the computer program with best

fit to the static pressure in the throat region

In general the flow rates determined by methods (a) and (c) agreed
satisfactorily within approximately 6%. Flow rates estimated by integration of
experimental velocity profiles at various stations were consistent with one
another within approximately 8% but disagreed with the results of (a) and (c)
up to 15%. Previous experience (Ref. 2) also showed that integration of experi-
mental velocity profiles yielded too high a mass flow. In that case the dis-
crepancy was of the order of 67Z. The velocities were determined experimentally
by the use of a Kiel probe to determine a local stagnation pressure coupled with
the assumption that the local static pressure was equal to the wall static pres-
sure, The velocities were determined in this way only for stations downstream
of high wall curvature. The disagreement between total flows determined by in-
tegrating velocity profiles and those obtained from orifice measurements may be
due to the effecﬁ of high shear and turbulence level in these flows upon the
apparent stagnation pressure reading of the Kiel probe. In view of these dis-
crepancies reliance was placed in these tests upon the mass flows determined

by methods (a) and (c).

The accuracy of the primary flow measurements determined by orifice
readings for the primary flow are of the order of 3%. The secondary flow de-

terminations by orifice have an apparent uncertainty level of + or - 1.57Z.
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5.2 Wall Static Pressures

Figure 16 shows a comparison between the static pressures predicted
using this computer program and those measured with the symmetrical diffuser
employed in the NAS-50 program (Reference 2) for which wall curvatures were
very small and had little effect upon the axial static pressure profile. This
comparison which is included as a check point in this discussion shows that
the curvature program predicts the wall static pressures reasonably well when

the nozzle is located at the mid-plane of a symmetrical test section.

Figures 17 through 20 show experimental values of the wall static
pressures measured for eight experimental cases with the unsymmetrical test
section and with the nozzle located at various distances from the curved wall
and at various angles with respect to the test section axis. In general there
is a considerable difference in static pressure between top and bottom walls
with the lowest pressure being near the top wall which had the highest cur-
vature and near which the nozzle was located. These low pressures between
the top wall and the nozzle were accompanied by velocities considerably higher
than those in the region between the nozzle and the lower wall. Downstream of
the region of considerably high wall curvature the measured wall static pres-

sures were nearly the same on top and bottom walls.

Figures 17 through 20 also show the computed static pressure dis-
tributions on the top and bottom walls. In general the agreement between ana-
lytical measured results is considerably better with high coanda effect, i.e.,
large turning angle (up to 67.5°) and small spacing between the nozzle and
the wall. The greatest discrepancies between analytical and experimental re-
sults are associated with those cases where the calculation method indicates
that the flow is on the verge of separation, for example, cases 1 and 2. 1In
cases 5 and 6 the static pressure distribution on the top wall near the noz-
zle is quite different from the calculated value. Here the spacing between
nozzle and wall is large at 1.10 inches. This large venting of the flow be-
tween the nozzle and the wall appears to have substantially diminished the
Coanda effect lessening the tendency of the flow to cling to the upper wall

and increasing the possibility of separation in the region immediately
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downstream of the nozzle. 1In the region of separation the flow calculation be-
comes somewhat uncertain and experimental details were insufficient to ascertain
whether the flow were actually separated in that region. However the degree of
agreement between measured and calculated results was substantially poorer for

cases 5 and 6 with large venting between the nozzle and the wall.

In general the reasons for differences between the analytical and

calculated results are as follows:

1. Flow Separation - The experimental results for cases 1 and 2
and case 6 appear to be on the verge if not actually past the
margin of flow separation, as indicated by the calculated
values of the wall shear stress or the velocities near the wall

for those cases.

2, Initialization Approximations — As explained in the earlier
section of the report, the initialization process assumes a
circular arc starting line for each of the two regions between
the nozzle and the upper and lower walls. The initialization
process is assumed to have isentropic flow up to the starting
line where the nozzle has zero thickness, so an approximation
is used for estimating the decay of streamline curvature with
distance away from the wall. 1In the initialization process it
was found that the calculated wall static pressure distribution
immediately downstream of the nozzle was very sensitive to the
ratio of the flows between nozzle and upper and lower walls
respectively. This flow ratio was not available experimentally
and was determined in the initialization process by requiring
smooth continuity of static pressure along the circular arc
starting lines. The initialization process was also sensitive-
ly dependent upon decay of wall curvature away from the upper

and lower walls, especially in the jet zone.

3. The Use of a Quasi-Orthogonal Coordinate System - In the cal-

culation method curvatures were estimated by the use of
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equation 39. In principle this estimation could havelbeén used
for a first approximation to determine the entire velocity field
then subsequent iterations could have utilized the calculated
velocities to determine a second approximation for streamline
curvature. However this approach was considered excessively
time~consuming for the present problem and not sufficiently
justified by the requirements of computing vented Coanda flows
where the nozzle spacing is not large and the wall curvature is
substantial. The major curvature effects are experienced in a

region close to the wall itself.

4., The Effect of Streamline Curvature on Jet Mixing Turbulent Shear
Stresses - As pointed out earlier, the first-order effects of
curvature on turbulent mixing length have been estimated by
Bradshaw. An approximate expression for the dependence of mix-
ing length upon Richardson number is included in the calcula-
tion method. However this approximation is not well validated
by experimental data and includes curvature effects significant-
ly larger than those considered by Bradshaw, hence, this adds

another element of uncertainty to the flow calculation.

Figure 21 shows the effect of wvarying the Richardson number
coefficient (from 3 to 10) upon a computed static pressure distribution along
the wall for case 6. This range of Richardson coefficient may be thought to
represent the uncertainty in the magnitude of the effect but suggests very
little alteration on computed wall static pressure distributions. Increasing
the value of the Richardson number coefficient tends to decrease the turbulent

shear stresses in the upper part of the jet mixing zone and to increase them

on the lower side.

Figure 22 shows the sensitivity of the calculation of wall static
pressures for case 6 upon the assumed value of the streamline curvature decay
coefficient used in equation 39. The effects of variation of this coefficient

are naturally unimportant in the downstream region where curvatures are small
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but can be quite significant in the region for a less than 0, i.e., close to

 the zones of high wall curvature.

5.3 Locus of Maximum Stagnation Pressure

_ Figures 23 through 30 show the computed location of the line of
maximum stagnation pressure from the nozzle to a point far downstream in the
test section. Also shown are test data points taken from the maximum stagna-
tion pressure in the upstream zone and from the maximum velocity, i.e., maxi-
mum stagnation pressure for the downstream region in which curvature effects

are negligible.

As with the static pressure comparisons the best agreement between
calculated and measured values of the locations of maximum stagnation pressure
correspond to those experimental cases in which there was the largest degree
of Coanda turning and the smallest spacing between the nozzle and the wall.
This is shown particularly by the comparison for cases 7 and 8. In other cases,
for example, cases 5 and 6 (with large venting between the large spacing be-
tween the nozzle and the wall) the.computed location of maximum stagnation
pressure shows a substantial deviation from the experimental results. These
tw6 cases as pointed out earlier appear to show a substantially diminished
Coanda effect. The jet clearly does not cling as closely to the wall as the
computer model predicts. In general the differences between computed and ex-
perimental results may be ascribed to the reasons mentioned earlier for the

static pressure discrepancies.

.. . Figures 31 and 32 show the total pressure profiles across the mix-~
ing section. The analytical prediction shown with continuous lines shows a
small deviation from the experimental results in the tertiary flow that is

near the bottom wall.

5.4 Velocity Profiles

8

Figures 33 through 40 show comparisons of non-dimensional velocity
profiles at various locations throughout the test section for each of the eight

cases investigated. Owing to the uncertainty in velocity determination as
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evidenced by the integrated mass flow of discrepancy being up to 15% the large
uncertainty level must be attached to each velocity determination. Hence, the
rather substantial discrepancies between experimental and computed velocities
are not conclusive indications of the degree of reliability of the analytical
method. The experimental velocity profiles for Runs 5 and 6 show that the maxi-

mum velocity region has been shifted towards the bottom wall indicating a re-

duced coanda effect at large nozzle spacing.
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Section 6

GENERAL CONCLUSIONS

An approximate method has been developed for calculation of vented Coanda
flows in ducts. A method has begn confirmed by experimental data with an-
gles of turning up to 67.5° and for close spacing between the nozzle and
the curved wall. At larger spacing the model indicated flow separation
which limits the availability of the model to represent the flow profile

in the downstream zone.

A quasi-orthogonal method of computation, which is more rapid than an iter-—
ative solution of the elliptic boundary value problem, appears best suited
to ducted Coanda flows with low venting and large curvature. It requires
approximate specification of streamline curvature dacay with distance from
the wall, and thus is best suited to cases in which the jet sheet is lo-
cated close to the wall. It is desirable to extend the use of the method

to non-vented Coanda flows.

Though the effects of streamline curvature on mixing length are known only
for small curvature, and perhaps uncertain within a factor of 3, a simple
correction for mixing length in terms of Richardson number appears to pro-

vide a reasonable estimate for jet curvatures d/R of the order of 0.02.

The flow model developed provides good agreement with secondary and pri-

mary mass flows measured with orifice plates. Integration of velocity pro-
files failed to provide satisfactory agreement with orifice measurements of
mass flow apparently due to the effects of a high turbulence and high shear

in the mixing zone on the stagnation pressure readings of a Kiel probe.

The flow model predictions were in good agreement with measured wall static
pressures exXcept in the immediate region of the nozzle apparently due to
upstream boundary layer and nozzle thickness effects, and due to incipient

flow separation in certain of the tests.
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A sensitive measure of the degree of agreement between flow model and ex-
perimental results is the location of the maximum stagnation pressure line

in these highly curved flows.



APPENDIX A

Sample Tabulation of Static Pressures (Tests 7 and 8)

Wall Static Pressure - inches of water gage
Tap Position T Run 7 Run B
inch - =
Top Wall Bottom Wall Top Wall Bottom Wall
-5.50 1 - - 1.15 - - 2.10
- 5.00 - - 1.35 - - 2.60
- 4.50 ~11.60 - 1.50 -12.30 -~ 2.95
- 4.00 -12.90 - 1.80 -13.70 - 3.65
- 3.50 -15.05 - 2.00 -16.10 - 4.15
- 3.00 w =-17.45 - 2.05 -18.95 - 4.30
- 2.50 -19.10 -2.12 -21.30 -4.63
- 2.00 -19.90 - 2.20 -22.95 ~ 4.90
- 1.50 -20.15 - 2.50 -24.30 - 5.85
- 1.00 -19.85 - 2.90 -25.50 - 6.95
- 0.50 -21.75 - 3.35 -28.97 - 8.45
0.00 Y -26.93 - 4.00 -36.99 -10.45
0.50 -22.63 - 4.85 -33.76 -13.15
1.00 -18.35 - 5.60 -31.62 -15.80
1.50 -15.90 - 6.85 -30.80 -19.80
2.00 -15.20 - 7.85 -32.30 -23.30
2.50 -13.50 - 8.55 ~31.96 -25.70
3.00 ~11.05 - 8.50 -30.06 -26.59
3.50 - - 8.90 - -28.29
4.00 -10.90 - 8.65 -32.44 ~29.17
4.50 - - 8.40 - -30.23
5.00 ~ 9.40 - 8.30 -32.30 -30.94
5.50 ~ 8.90 - 8.30 -32.16 -31.62
6.50 - 8.82 - 8.07 -33.15 -32.91
7.50 -10.25 - 9.25 -37.06 -35.43
8.50 - 9.80 - 9.35 -37.06 -36.04
10.00 - - 9.55 - -36.96
11.50 - 5.75 - 6.00 -31.48 -31.42
12.50 -2.85 - 2.55 -26.59 -25.88
14.50 + 2.85 + 2.85 -17.85 -17.60
16.50 + 7.00 + 7.00 - -11.18
18.50 + 9.75 + 9.75 - 7.65 - 7.05
20.50 +11.90 +11.90 - 4.10 - 3.75
27.50 hi +13.65 J +1}.65 - 1.95 - 1.30

denotes average pressure for 2 or 3 static taps located across width
of test section (see Figs. 12 and 13).
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APPENDIX B

Finite Difference Equations

This Appendix provides the detailed derivations of the finite dif-
ference equivalents of the momentum and energy conservation equations (5) and

(7) respectively. For convenience the following definitions are introduced:

S = pu(u + pE)
and
v u . pE
S pu(P +P ]
r rt

These definitions permit the momentum and energy equations to be expressed

as.
ou _ _ 1 dP 9 |g 9u _
U 3% 2pdx+uaw[sa¢ (B-1)
3T y -1 dP , v -1 sul? ) 9T
u-a—x= oy u—cﬁi+———y—us L)—w +u—§$[§w (B-2)

Before approximating these equations with finite difference rela-
tions a system of grid lines parallel to the X and ¢ axes must be introduced.
As illustrated in Figure B-1, a nodal point coincides with each intersection
of these lines. Lines parallel to the ¢ axis are termed m-lines and those
parallel to X axis n-lines. Each node is given a double subscript, the first

being the number of the m-line passing through it, and the second the n-line

number.
m=1 m=2 m=3

node2'3

n-lines w-lines

nodel ,2

Figure B-1 Definition of Grid Lines for Finite Difference Solution
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The values of the variables on the m = 1 line are the known initial conditions.
The conservation equations express for each node on the m = 2 line its inter-
relation with other nodes on the m = 2 line and nodes on the m = 1 line. If

m = 2 line nodes are only related to nodes which lie on the m = 1 line, the
finite difference scheme is termed explicit. If an m = 2 node is also related

to a number of other m = 2 nodes, the scheme is termed implicit (See Figure

B-2).
1?

~

R 6 &

EXPLICIT IMPLICIT

ol

Figure B-2

Diagrams of Explicit and Implicit Solutioms

The implicit form of finite difference schemes leads to a series of N simul-
taneous algebraic equations relating the known initial conditions on the m = 1
line and the unknown variables on each of the N nodes on the m = 2 line. After
solution of these simultaneous equations, the variables on the m = 3 line are
expressed in terms of the known values on the m = 2 line. Proceeding in this
manner, a solution to the complete flow field is marched out. . Although simpler
to program, the explicit scheme shows unstable characteristics if the m-lines
are widely spaced relative to the n-line spacing. Implicit schemes show much
more stable characteristics and therefore allow much larger m-line spacings,
thus reducing computation times. The computer procedure presented in this
report employs a system of implicit finite difference approximations which are

defined using the notation described in Figure B-3.
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n+l

m-lines

n-lines

Figure B-3

X —

Implicit Finite Difference Term Definition

The velocity at nodes n + 1 and n — 1 can be expressed in terms of a Taylor

Series expanded about node n, on the same m-line,

n+1

un + Awl

un - A¢2

3y

4

Combining these equations to eliminate i g

9,2

2 n+1

42

(B,

u -—F7 u

)2

2 n -1

4+ higher order terms

2
(Awl) 32u
—=— ——-| + higher order terms (B-3)
2 2
op
wy)? 2 o
LY higher order terms (B-4)
2 2
Y
2
—| yields,
oy a
n 2 2 ou 1 2 2
= — - + — - [}
2 (A¢2 Awl ) 30 . 2 (Awlsz + A¢2A¢l )



Neglecting terms of the order (Aw)3 and higher, yields

Ay, By Ay, MYy
G e () e )

YT S sz + Ay

A¢1
57 Mo, (hv, + M)

Defining S

dS'-

yields

%% = 54(un +1 " un) +'55(un -u l) (B-5)
Similarly,

—:%H=SA(TH+1—Tn)+$5(Tn-Tn_1) (B-6)

The second derivative term in the momentum equation is approximated using the

following Taylor Series expansions,

2
[sﬂ] i} 5[39) M [Sﬂ] LMy 2 [SAE]
Y n+ 1/2 A n z o 3 n 4 awz oY n

+ higher order terms (B~-7)
A sz 2 |
b3 B RN S )
oy n-1/2 Y n 2 Y n 4 sz Y n
+ higher ordef terms (B-8)
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A 2
Neglecting terms of the order of -%; and higher yields,

w3 - b3 o | s
n Jn + 1/2 n - 1/2] M1 ¥ My
- 1 (Sn + 1 + Sn)(un + 1 un)
Alpl+Aw2 Axpl
(Sn + Sn - l)(un T Y - l)
= Aw (B—g)
2
Similarly,
1 1 -
_B_E;,_Qa= 1 (Sn+1+sn)(Tn+l T)
3y )} n Awl + sz Awl
(s' +s8' 1)(T -T l)
_ n n 1 n n (B-10)
Y
2
The velocity at a node located at the intersection of the down-
gstream m-line and any n-line u,  can be expressed in terms of the following
Taylor Series,
du Bzu 2
u2, n - ul’ n + X AX + ;;5 (AX)” + higher order terms (B-11)
n n

Use of the boundary layer equations implies that gradients in the X- direction
are much smaller than those in the y- direction. Therefore it is permissible

to use a simpler approximation of the X- direction derivatives.

Neglecting terms of (AX)2 and higher yields,

dul _ 2, n l, n (B-12)

This approximation is termed "backward-difference".
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Similarly,

T - T
oT| 2, n 1, n -
x| " X (B-13)

The only terms in the energy and momentum equations which cannot be approximated
using the preceding equations are those containing the pressure gradient dP/dX.

Assuming this gradient varies linearly throughout the AX interval yields:

P _ 1 (ap ar 3
X 2 [Xm *ax ] (B-14)
m=1 m= 2
Momentum Equation
— Combining equations (B-1), (B-9), (B-12) and (B-14) yields:
(u -u ) u
w -2 m 1,n’ ___1 gg' + gg' 4+ 1, n [ 1 )
, :
AX boy ofaxly oy T El L, 2y (8w, + av,
+ - -
a1 ¥8500) qw1 "%, ) GBS, Py o)) (3-15)
Awl sz
This equation can be expressed in the form
A + B C D (B-16)

+ =
n-~1",n n-1Y2,n+1 n-1"2,n-1 "n-1

in which the coefficients are defined by equations (23) through (28) of the main

text.

Energy Equation

Combining equations (B-2), (B-5), (B-10), (B-13) and (B-14) yields
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( -T )

T
2, n 1, n Yy - 1
) ] = S -
AX Y ul, nl, n [%4(u2’ n+1 u2, n)

2
T8 (u, Uy L 1):[

ul, n

' ] - N |
1 J(Sn+l+sn)(T2,n+l Ty, o)
2

+ u
1, n &Yy + Ay Ay, i
' o4 gt _ Yy - 1 —
_ (s n S n - 1)(T2, n T2, n - 1) + Y u1, n Q£1 4ap
Ay, by o x| _ dxm=2_
(B-17)

This equation can be expressed in the form:

(B-18)

in which the coefficients are defined by equations (31) through (36) of the

main text.
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APPENDIX C

Solution Procedure

The calculation procedure starts at the upstream flow boumdary,
where the values of all flow variables must be known or assumed. Specifica-
tion of the velocity and temperature distribution, dimensionless eddy viscosity,
duct and nozzle inlet dimensions, and working fluid, defines all initial con- '

ditions. -

The known initial conditions, m = 1 line, are related to the un-
known conditions, m = 2 line, by the previously derived equations, and assumed
boundary conditions. These inter-relations form a set of n - 2 simultaneous
algebraic equations, where n is the number of n-lines, and the equations are
shown in Appendix B. The resultant matrix of coefficients is tridiagonal in
form except for the initial and final rows which only contain two terms. Rapid,
exact solutions to this type of matrix are obtained using the Thomas Algorithm,

a successive elimination technique, which is described in this Appendix.

The solution for the variables on the m = 2 line is iterative, be-
cause of the presence of the unknown pressure in the momentum equation. The
procedure adopted was to estimate the pressure gradient, and solve the equatiomns,
using the algorithm. The equations automatically satisfy conservation of mass,
momentum, and energy, but only one pressure gradient yields the correct wall
geometry. The duct dimension corresponding to the estimated pressure gradient
was calculated from the m = 2 line variables. The pressure gradient was then
incremented by a small percentage of its initial estimated value, and the cal-
culation process repeated for a new duct dimension. A third estimate of the
pressure gradient was obtained by interpolation between the two calculated,
and the actual duct dimension. In almost all the calculations performed to
date, this value has been acceptably close, within 0.001%, to the actual duct
dimension. If this criterion is not met, a further iteration is applied, and

a fourth solution obtained.
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The now known variables on the m = 2 line become the new m = 1 line
variables and the procedure is repeated for another set of m = 2 line variables.

Thus a solution to the complete flow field is marched out.
The difference form of the momentum and energy equation is:

D (Cc-1)

Cn - 1Xn -1 = n-1

+ +
An - lxn Bn - lxn +1
where X is either u or T. If the number of n-lines is n, there are n - 2
equations of the form (1) and two equations expressing the boundary conditions.

The first and the last equations represent the boundary conditions, which are:

u; =u = 0 (C-2)
and
%1 = —g—% = 0 (C_3)
v 1 n

Equation (C-2) can be written in terms of X as follows:

X, =%, = 0 (C-4)

Equation (C-3) correspondingly becomes:

and

Xn -1 Xn (C-6)

Equations (C-4), (C-5) and (C-6) can be written in terms of X as follows:

Xn = KXn -1 (c-7)
Xl = KX2 (C-8)

where K is 0 for the momentum equation and unity for the energy equation.

Thus, the matrix form of the equation (C-1) is shown on the following page
(Table C-1).
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I'o

Matrix Form of

Table C-1

Equation C-1 Designated as Equation C-1

0 0
0 0
0 0
0 0
n~1 n-1
0 0
0 0

0 0
0 0
0 0
0 0
0 0
n-2 n-2
-K 1




The second equation is:

C,X; + A X, + B.X, =D, (c-9)
Substituting equation (C-4) into this equation yields:
L - -
A 1X2 + B1X3 = D1 ' (C-10)
' =
where A 1 Cl + Al
The nth - 1 equation is:
Cn - 2Xn - 2 + An - 2Xn -1 + Bn - 2xn = Dn -2 (Cfll)
Substituting equation (C-7) into this equation yields:
1 = -
G-t 2 (C-12)
' =
where A n- 2 An -9 + KBn -2

Thus the n equations (C-8) can be reduced to the n - 2 equations shown on

Table C-2.

The Thomas Algorithm
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Starting with the first equation, X, can be expressed in terms of

3

equations until the nth -3 equation gives X in terms of X Com-

n - n -1
bining this with the last equation gives Xn _ 1 Working backwards through

2
X,. The second equation gives X3 in terms of X4. Continuing through all the
2

the equations then allows the remaining unknowns to be found. This procedure

is most easily applied by defining the following:

D,
= A? = —
Wp=4Yy &1 W
1
B _ ‘
Q_l=—“——- n=2,3---(n-2) (C-14)
n n-1
Wo=A -CQ _, n=2 3---(n-2)
Csg _
g =0 -—=n=1 n=23---(n-2)
-n
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Table C-2

Matrix Form of Equation C-8 with Simplified Terms Designated as Equation C-13

f; B 0 0 - 0 0 0 - 0 0 0 _[S; i FS i
1 1 2 1

c, A2 B2 0 - 0 0 0 - 0 0 0 X3 D2

0 Cq A3 B3 - 0 0 0 - 0 0 0 X4 D3

- - - " - - - - - B - - Xn—l - Dn—2

0 0 0 0 - Cn—l An—l Bn—l - 0 0 0 Xh Dn—l

- - - - - _ - - - - - - - Xn+1 Dn

0 0 ¢ .0 - 0 0 0 - Cn_3 An—3 Bn—3 Xn—2 D _3

13 0 0 : 0 - 0 0 0 - 0 Cn—2 A-Z__fn—l_ .PH‘Z_




Equations (C-13) then reduce to:

=(m=-2), (ma-3), — 2

(C-15)
If the values of W, Q and g are calculated in order of increasing n using

and Xn =g

n - 2 n -1 Qn - an + 1n

euqations (C-14), then equations (C-15) can be used to calculate the values of

X in order of decreasing X starting with Xn To clarify this procedure,

_l'
the method is now used to solve the following four simultaneous equations:

O B = T
C, 4 B, O 3 D,
0 ¢, A, B, X, D,
L I 1 4]

1 ; 1
Q = ﬁi
D1
& = ﬁ;
1

2 2
B
Q= ﬁg
2
& 7 i lﬁczgl
1
hche X3 =8, ~ X4Q2 (C-16)
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W, = 85 - C3Q
_ 5
Q3—_—
3
. = Dy - Cq8,
3 W

W4 = A4 - C4Q3
. = D, ~ €485
4 W4

hence X5 = 8,

Substituting in equation (C-16) yields X,.

special forms of equations (C-15) for mn

w

(c-17)

(C-18)

Equations (C-17) and (C-18) are
4,
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Appendix D

COMPUTER PROGRAM

The computer program is designed to analyze the flow in a duct

where geometry is shown in Figure D-1.

Nozzle

Top, Inner, or Nozzle Duct Wall
Step 31

x(n), y(n)

T

Streamline x(1), y(Q)

Step 31
Bottom.or Outer Wall

RERRES ¥

Figure D-1

Duct Geometry

The computation proceeds from the initial line by moving along the
lower and upper wall a specified distance and then defining two arcs from the
new wall locations to the duct midpoint. Since only a rough approximation is
available for the wall slopes the two arcs do not necessarily meet resulting
in the wall points becoming slightly unsynchronized as the computation pro-

ceeds.
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The program organization consists of a main program (NAS) and
sixteen subroutines and function subroutines. The functions of the main pro-

gram and subroutines are:
PROGRAM NAS
The main program is divided as follows:

Input and Data Initialization: Cards $NA1Oto $NA2200

This section initializes the constants of the program, reads and
prints the computation conditions and duct geometry, and puts this data in

nondimensional form.

Initial Conditions: Cards $NA2210 to $NA2810

The subroutine INCOND is called to define the starting conditions.

The initial flow conditions are then put in dimensional form and printed.

Main Body of Program: Cards $NA2820 to $NA4810

The computation proceeds down the duct in a sequence of steps.
Values of pressure, temperature, velocity, density etc. are computed which are
consistent with the previous step values and the geometry of the duct. The

process stops when the end of the duct is reached.

Eddy Viscosity: Card $NA3010

The dimensionless eddy viscosity is calculated in subroutine EDDY

using data from the preceding step.

Streamline Step Size: Cards $NA3100 to S$NA3400

An appropriate step size along the duct is determined for the
streamline of maximum velocity. Consistent step sizes are then

determined for all other streamlines.
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Pressure Gradient Approximation: Cards $NA3730 to $NA4540

The pressure gradient is determined by selecting a value such that
the computed duct widths minus the actual duct width equals 0 +
.0001.

Flow Boundaries: Cards $SNA4550 to SNA4700

At each step the boundaries of the flow regions are checked to

determine when shear layers vanish.

Qutput Section: Cards $SNA4820 to $NA5750

intervals.
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The flow variables are presented in dimensional form at preselected

Figure D-2 is a flow chart of the main progran NAS.




4

500

READ DATA, INITIALIZE CONSTANTS
WRITE DATA, PUT DATA IN
NONDIMENSTONAL FORM

-
o0

CALL INCOND]

CALZULATE A CONSISTENT DISTRIBUTION

WRITE INITIAL LINE
FLOW VARTABLES
+
SET INITIAL CALCULATION
PARAMETERS AND SAVE
STEP 1 VALUES OF
VARTABLES

+
MARCH DOWN DUCT
4500 NSTEP = 1,100

¥
|FIND DUCT MIDPOINT]

*[ SET STREAHLINE FUNCTIONS AND
OF FTOW VARIABLES AT FIRST STATION

" [NSTEP > 1 CALCULATE BODY VISCOSITY]

¥
CALL EDDY ]
" <

CALCULATE STEP SIZE |
FOR MAX VELOCITY LOCATION
T

¥
CALL DSMOVE

COMPUTE Y, THETA, R VALUES
CONSISTENT WITH NEW X VALUES

ITERATE TO FIND
A CONSISTENT PRESSURE GRADIENT

DO 650 ITER - 1, 40

ITER = 1 OR 2 SET PRESSURE
GRADIENT BASED ON PREVIOUS STEP

OR = -.001

I
ITER > 3 CALCULATE PRESSURE
GRADIENT SO A STRAIGHT LINE
THROUGH LAST TWC POINTS GIVES
CORRECT DUCT WALL LOCATION

[CALCULATE FLOW VARIABLES

CALCULATE WALL STEP SIZE CONSISTENT
WITH MAX VELOCITY STEP SIZE

CALCULATES DISTANCE

CALL _CORDS|

BETWEEN COMPUTED AND

<]|DDISTB| < .000L

SAVE PRESSURE GRADIENTS
CALCULATE MACH NOS.

ACTUAL WALL LOCATION, DDISTB

ACROSS DUCT

CALL REMOVE] _

ﬁriREHOVE EXTRA STATIONS

CALL EDDY]

BOUNDARIES

SAVE VALUES COMPUTED
AT THIS STEP

[WRITE OUTPUT VARIABLES|

S STATIO
PAST END OF
“~._DucT

NO

ﬁ| REDEFINES FLOW m:cmu]

Figure D-2

Flow Chart
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SUBROUTINES

INCOND

This subroutine contains the computation which defines the flow

conditions at the initial station (Fig. D-3). The steps used in the process

are:

nozzle
angle

58
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Points on the boundaries (xl, yl), (xz, yz)aredefined such
that two circular arcs are normal to the wall at (xl, yl) and
).

(x ) and pass through the nozzle (xno

2° Y2 z’ Tnoz

A flow split is determined.

The subroutine OMGSET is called to set the streamline loca-

tions.

The subroutine TMPSET is called to determine the temperature

distribution.
The remaining flow variables are calculated.

The location of the nozzle streamline checked to see if it is
within tolerance of its specified location. If it is then the
computation is returned, if not a new flow split is determined

and the calculation is repeated.

Figure D-3

(xl’ yl) Initial Line Geometry



OMGSET

This subroutine sets the distribution of streamlines. The flow is
divided into regions of width DOMGl, DOMG2, DOMG3 (Fig. D~4 and D-5). Given
an initial spacing at each flow edgé (DMWALL and DMJET) and aZSpecific number
of points (KWALL, KJET) the subroutine fills in the spaces close to the edges.

OMGN

_ 1 N
DMWALL = KWALL
= 2
— 3
— 4 K2 + KWALL + KJET
—_ 5
—_— 6
— = K2 + KWALL
OMGJ2 DMJET Z KJET @ __ -
DMJET = KJET K+ 1
—_— = ' K1
3 KL+2+KJET+1
—_ 2
OMGJ3 DMJET = KJET
DWIET = XOET e e Tl
_ = K3 + KWALL
_— 7
—_— 6
_— 5 K3 + KWALL + KJET
—_— 4
—_ 3
— 2 + KWALL
DMWALL = KWALL
0.0 = 1
Figure D=4

Streamline Locations
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Flow 9 NMAX
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Flow
] | |
0.4 0.6 0.8

Figure D-5

Flow Structure

TMPSET

An initial value of static temperature at the nozzle, TS(NMID), is

selected. Values of the temperature are then computed at the outer wall con-
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sistent with the wall curvature. The distance between the wall and nozzle

consistent with TS(NM1D) is returned to the calling program.
 WALLS

Wall curvatures are calculated from the wall geometry data. This
data is then used to interpolate values of wall location slope and curvature
for specific axial locations. The computer calculates curvatures assuming
the data is segmented with at least three points per segment. When five or
more points are available a least squares parabola using the data points and
the two points to either side is used to smooth the data. Subsequent inter-

polations are parabolic.

LsQ

This subroutine calculates the least squares parabolas for walls.
EDDY

This subroutine contains the eddy viscosity calculation.
DSMOVE

This subroutine contains the calculation of the distance moved

along the walls in each step.
SDWE

This subroutine contains the calculation of temperatures and

velocities at a computing station.
caLe

This is a simultaneous linear equation solution subroutine.
CORDS

The distance between streamlines and the x, y coordinates of the

61



streamlines are computed in this subroutine. The value DDIST, the difference

between the y coordinates of the two arcs at the middle duct point, is returned.

1

LOOK

The algorithm identifies an edge of a core region and then checks
to see if a core region that existed in the previous step has disappeared. If
this has occurred that core width is set to 0.0. Core regions may disappear

in any order.
REMOVE

This subroutine is used to remove grid points as the computation
proceeds in order to reduce computing time. This is accomplished by every
tenth step scanning the velocity array to see if the velocity gradients in

the shear regions are less than a tolerance.

ARCDIS

This subroutine defines wall coordinates such that the arc is nor-

mal to the wall and nozzle.

FUNCTION SUBROUTINES

CENTRE

This is used in conjunction with ARCDIS. Given a nozzle and wall
location it projects the two tangents, finds their intersection and returns

the difference in length.
CURVDS
Used in DSMOVE to calculate distances along an arc.

SERIES

Used in OMGSET to determine streamline spacing in the boundary

and shear layers.
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INPUT DATA

Card 1 - Format I11,18A4

NUNIT ~ units indicator
NUNIT = 0 English units
NUNIT # 0 S.I. units
TITLE(I) - title, printed at start of first output page

Card 2 - Format 6F10.0

P01 - primary stagnation pressure ~ psia or pascal

TOl - primary stagnation temperature - Rankine or Kelvin

P02 - secondary stagnation pressure - psia or pascal

TO2 - secondary stagnation temperature - Rankine or Kelwvin
MASS1 - primary mass flow rate - lbm/sec-in or kg/sec-m

MASS2 - secondary + tertiary flow — lbm/sec-in or kg /sec-m

Card 3 - Format 5I5

K1
K2

no, of grid points in primary flow (even)

no. of grid points in secondary flow (even)

K3 - no. of grid points in tertiary flow (even)

NPCYCL -~ print cycle, (e.g. NPCYCL = 10 causes print every ten
steps)
NQUICK ~ 0 = full print; 1=partial printout

Card 4 - Format 4F10.0

XNOZ - x coordinate of nozzle center - in. or meters
YNOZ - y coordinate of nozzle center - in. or meters
TNOZ - nozzle angle ~ degrees

N - nozzle slot width -~ in. or meters

Card 5 - Format 1115

MST - number of segments used to describe lower wall geometry,



_ 10 > MST > 1. . _
NDI(I, 1) ~ MST values of the data point number of the segment end
point. NDI(MST,l) = NPAIR1l, the total number .of -points
needed to describe the wall.

NDI(I + 1,1) ~ NDI(I, 1) > 2

Cards 6 — Format 2F10.0 - NPAIR1 Cards

XW(I, 1) x lower wall coordinate

YW(I, 1) - y lower wall coordinate

Card 7 - Format 1115

MSS - number of segments used to describe upper wall geometry
10 > MSS > 1

MSS values of the data point number of the segment end

point, NDI(MSS, 1) = NPAIR2 the total number of points

NDI(I,2)

needed to describe the wall.
NDI(I + 1,2) - NDI(I, 2) > 2

Cards 8 - Format 2F10.0 - NPAIR2 Cards

XW(I, 2) - x upper wall coordinate
YW(I, 2) - y upper wall coordinate

Card 9 - Format I5,10F5.0

NFULL - number of values of x for which full output is required
XPRPF (1) — NFULL values of x for which full output is required

The input data K1, K2, and K3 (Card 3) denote the number of grid
points in the primary, secondary and tertiary flow. These are arbitrary num-
bers chosen so as to give the desired spacing of output data in the three re-

gions. A total K1 + K2 + K3 of between 20 and 30 should give good results.

The data numbers MST, MSS (Cards 5 and 7) denote the number of

segments needed to describe the wall geometry. For walls with continuous
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curvature values, a value of 1 is sufficient. Values of MST and MSS greater
than 1 allow the user to describe walls with discontinuous slopes and curvatures.
The data NDI(I,2) and NDI(I,1) are the data point numbers at the boundary seg-

ment ends.

A sample of input data is shown in Table D-1.
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Table D~-1

Sample of Input Data

1 TEST CASE S METRIC

253934.  322. 102249, 301 . 1.696 7.393
a 10 10 5 0 .

-007366 004023 -35. ' 00030861

6 12 16 26 3l 35 43
‘o1524 -010396
‘cisli ‘oiO?Q
'01499 ‘010033
-.1397 -,08694

-.1270 -,07450
-_1147 -_0AS72S

b ae TV [ RS

-.1016 ~.05837
-00889 -005339
~.0762 ~.05004
-00635 '.04712
-.0597 -.04678
-.0587 -. 04671
-.0508 ~,04517
~-.0254 -+ 04023
0.0000 ~.03523
001905 -003160
+02159 -.03115
002032 “003137
02549 ~-.03048
-03810 ‘002870
05080 -.02736
06350 -,02647
«07620 -.02596
+ 08636 -.02564
.08763 ~-.02560
008890 ’002558
010160 -002536
012700 -.02492
.15240 --02448
017780 ~.02404
-‘9050 ’002383
20320 ~-,02383
.22860 ~-.02383
«25400 ~.02383
« 26670 -.02383
27940 -. 02449
.30“80 '002582
«35560 ~.02848
040640 -003115
45720 ~.03381
050800 -.03649
055880 -003913
.58“20 —004038
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‘-0845
e 0838
“00826
"00794
-.0762
-00699
-00635
e 0572
‘00508
~a 0381
"00254

- NYta-
TeVALT

0.0000
«01270
«G1588
«01905
«02032
02159
02549
.03810
»05080
»06350
07620
«38636
.08763
« 08890
10160
«12700
«15240
17780
«19050
«20320
«22860
«25400
26670
«27940
«30680
«35560
40640
45720
«50800
«55880
«586420
1

16

+038

Table D-1 (Concluded)

26
«156410
« 143230
134200
«120680
«111240
097190
+ 086450
« Q77670
«070240
« 058260
« 045090

N DINN
e UL VIOV

«036730
« 032960
« 032240
.03160
»03137
«03115
«03048
02870
02736
«02647
« 02596
« 02564
« 02560
«» 02558
«02536
« 02492
«02448
+ 02404
. 02383
«023R3
02383
«02383
«02383
» 02449
02582
«02848
«03115
»03381
« 03649
»03913
» 04038

31

35

43
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OUTPUT DATA
The program printed output consists of:
1. Title
2. Input flow and geometry (Cards 2, 3, and 4)
3. Wall Geometry

X, Y - wall coordinates (smoothed)

CURV - negative of wall curvature

4. Values of X at which full output is required (values of

XPROF(I) from Card 9)
5. Flow split

SPLIT -~ ratio of tertiary flow to the sum of secondary and

tertiary flow

6. Initial conditions along the computing station through the

nozzle
ISENTROPIC NOZZLE THRUST PER UNIT WIDTH - 1b/in or N/m

AMASS1, AMASS2, AMASS3 - primary, secondary and tertiary flow rates - 1b/s/in
or kg/s/m
J - station number
X, Y - coordinates of computing station streamline inter-
section - in or m ,
DN - distance from lower wall - in or m
THETA - streamline angle - degrees
K - negative of streamline curvature — 1/in or 1/m
OMG -~ streamline function
PO, PS - total and static pressure - psi or pascal
TS - static temperature - degrees Rankine or Kelvin
RHO -~ density - 1b/f**3 or kg/m**3
U - speed - f/s or m/s
M - Mach number
68



7. Flow description

NSTEP
XI(X0)
PI(PO)

USTARI (USTAR®)
KI(KO)

RNI (RN@)

UMAX

NUMBER OF ITERATIONS
DELTA X
DELTASI(DELTASO)

SI(S0)

SHRIN (SHROR)

downstream - partial output

step number

coordinate along lower (upper) wéll - inorm

static pressure at lower (upper) wall - in of

H20 or pascal

friction velocity at lower (upper) wall - £/s

or m/s

negative of wall curvature at XI(X0) - 1/in or
1/m

Richardson number at lower (upper) wall

maximum velocity, £/s or m/s

step size at lower wall - in or m

distance increment of lower (upper) wall - in
or m

cumulative distance along lower (upper) wall -
in or m

shear stress at lower (upper) wall - psi or

pascal

TOTAL AXTAL MOMENTUM PER UNIT WIDTH - 1bf/in or N/m

THRUST RATIO

8. Flow description downstream - full output
Same as partial output plus

N1 ... N6

CORE1l, CORE2, CORE3

DEL1, DEL2, DEL3, DEL4
J

1/Rr

THETA

X, Y

YREL

streamline numbers at edges of boundary and
shear layers

widths of primary, secondary, and tertiary
regions - in or m

widths of boundary and shear layers - in or m
streamline number

negative of curvature - 1/in or 1/m

angle of streamline - degrees

computing mode location - in or m

relative y coordinate
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9.

UREL - relative velocity (UMAX is normalizing quan-
tity)
POREL - relative total pressure

PS - static pressure - psia or pascal
E -~ Eddy viscosity
TOTEMP - total temperature -~ degrees Rankine or Kelvin

In addition several warnings may be printed.
NO CONVERGENCE, DPDSA = ... DPDSB = ... DDISTB ... STEP 4

Convergence was not achieved in establishing the pressure gra-
dient. The criteria for convergence is that |DDISTB| the dis-
tance between the computed and actual will location be <.0001.

DPDSA and DPDSB are pressure gradient increments.

NEGATIVE SHEAR STRESS AT THIS STATION. THIS INDICATES POS-
SIBLE SEPARATION. SUBSEQUENT RESULTS SHOULD BE USED WITH CAU-
TION.

The message is self-explanatory. When this occurs the calcu-
lation may be unstable and may stop for a variety of reasons.

When this occurs the full output at that station is printed.
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Figure D-6

COMPUTER PROGRAM LISTING
PROGRAM NAS {INPUT,OUTPUT» TAPES=INPUT» TAPE6=0UTPUT)

THIS PROGRAM CALCHLATES VENTED COANDA JET IN A CURVED DUCT
BY A FINITE-DIFFERENCE METHOD

THE PROGRAM CALCULATES THE SPLIT BETWEEN SECONDARY
AND TERTIARY MASS FLOW

READ VARIABLES

NUNITeooUNITS INDICATOR=-=NUNIT=0,.ENGLISH UNITS

NUNIT GT 0 ««SI UNITS
P01+ PRIMARY STAGNATION PRESSURE=--PSIA OR PASCAL
T0leeePRIMARY STAGMNATION TEMPERATURE=--RANKINE OR KELVIN
P02+ ¢ +«SECONDARY STAGNATION PRESSURE~~PSIA OR PASCAL
T0CeesSECONDARY STAGNATION TEMPERATURE==RANKINE OR KELVIN
MASSlesePRIMARY MASS FLOW RATE=={ BM/SEC~IN. OR KG/SEC=-M
MASS2+.+TOTAL OF SECONDARY PLUS TERTIARY FLOW RATE=-=LBM/SEC~IN.

OR KG/SEC-M

KleesNOe OF GRID PTS. IN PRIMARY FLOW (EVEN NUMBER)
K2seeNOes OF GRID PTS. IN SECONDARY FLOW (EVEN NUMBER)
K3.+eNOs OF GRID PTS. IN TERTIARY FLOW (EVEN NUMBER)

NPCYCL+seeo PRINT CYCLE

NQUICK.ee O = FULL PRINTs 1 = PARTIAL PRINT OUT

XNOZ s oo X COORD OF CENTRE OF NOZZLE eeeIN. OR METERS
YNOZeos Y CNORD OF CENTRE OF NOZZLE .. IN. OR METERS
TNOZews NOZZLE ANGLE DEGREES

Dese NOZ7LE SLOT WIDTH INCHES OR METERS

NPAIRlsee NUMBRER OF DUCT WALL COORDS, LOWER waALL
NPAIR2..¢ NUMRER OF DUCT WALL COORDSs UPPER WALL
XWeeo ARRAY OF DUCT WALL X COORDS .. IN, OR METERS
YWeeo ARRAY OF DUCT wWALL Y COORDS .. IN. OR METERS

NFULLow e NUMRER OF PROFILE PRINTOUT LOCATIONS
XPROF es s ARRAY OF LOCATIONS WHERE PROFILES REQUIRED IN. OR M.

IT IS ASSUMED THAT P02=p03y T02=T03

DATA VARIABLES
RGeoeBGAS CONSTANT==FTLMF/LBM R OR N=M/KG~K
GeeoSPECIFIC HEAT CONSTANT
NUREF o » e REFEREMNCE KINe VISCOSITY==FT##2/SEC OR M#®2/SEC
TREF o e s REFERENCE TEMPERATURE==RANKINE OR KELVIN
RHOREF 4 « e REFERENCE DENSITY==LpM/FT##3 OR KG/M##3
*GCees CONSTANT=<LBMFT/LRF «SECH#%*2 OR KG~M/N=SEC#%2
PR, . +PRANDTL NUMBER
PRT s« TURBULENT PRANDTL NUMBER
TWeooWALL TEMPERATURE==-RANKINE Or KELVIN

DIMENSIONLESS VARIABLES

OMG (I} STREAMLINE FUNCTIONS
S1952953954+55(1) OMG DIFFERENCES
DS(I) STREAMLINE STEP SIZES
R(1+2) CURVATURES

THETA(I+2) ANGLES

PS(I+2) PRESSURES

U(I.2) VELOCITIES

TS(1»2) TEMPERATURES

RHO(I»2) DENSITIES

VIS(I) VISCOSITIES

DN(TD DISTANCE TO INNER WALL
X{(r) X COORDINATE

$NA
SNA
FNA
SNA
BNA
$NA
SNA
$NA
SNA
SNA
SNA
$NA
SNA
$NA
$NA
$NA
SNA
$NA
ENA
SNA
SNA
SNA
SNA
SNA
SNA
ENA
ENA
SNA
SNA
SNA
SNA
SNA
SNA
$NA

$NA
SNA
$NA
SNA
$NA
HNA
ENA
$NA
$NA
ENA
BNA
SNA
BNA
$NA
SNA
SNA
FNA
SNA

BNA
BNA
$NA
SNA
SNA
SNA
$NA
$NA
$NA

10

20

30

40

50

60

70

80

90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
4890
490
500
510
520
530
540
550
560
570
580
590
€00
610
620
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(e e NeNe e Ne e o NeReRaReNa ke Ke!

OO0O00

8c0
8¢l
802
803
B04

1
2

Y COURDIMATE OF ATEAMLINES
MACH NUMRERS

) STAGNATION PRESSURES
£00Y VISCOSITIES

— o
et

{
(
0
(

Mmoo«

PRESSURES NORMALIZED BY.,..P01

TEMPERATURES, NORMALIZED BYeosTO01

VELOCITIES NORMALIZED BYse o UREFP

LEMGTHS NORMALIZED BY o.e0

DYNAMIC VISCOSITES NORMALIZED BY,«RHOO1®#UREFP#D
KINEMATIC EDDY VISCOSITY NORMALIZED BY.e UREFP#D
STREAM FUNCTIOM NORMALIZED BY..,SQRT(RHOQ1#UREFP*0D)
MASS FLOW RATE NORMALIZED BYee+sRHOO1#UREFP#D

R{I) IS THE INVERSE OF THE DIMENSIONLESS RADIUS OF CURVATURE

REAL NUREF +KS+LMysMASS]1 ¢MASS2+M(1950)

DIMENSION XW(99+2)sYW(9992)951(190)452(190)+53(190)s S4(190),
S5(190)«E(190)+E1(190)+DS(190)+X(190) sY(190)sVIS(190)s

PO(190) 9H(190)»THETA(190+2)9R(1904+2)9U(190+2)
TS(19092) 9RHO(19092)+sDIP(190) 9NX(6) s XPROF (10)

3
DIMENSION OMG(1901+9DN(190),PS(190+2)

DOYBLE OMG(190)sDN(190) 4PS(190+2)
DIMENSION PSI(180)
DOURBLE PSI(190)
DIMENSION NDI(1092)+CURV(9G+92) +TITLE(1S)
COMMON/KURV/MSTyMSSeNDI ¢« CHRV
COMMON/SOLV/ S1952eS3eE9E1sH9S4455
COMMON/ IMEDY/PS] +RHO, VIS
COMMON/INCD/ UsPSeTSesMsPOsTHETASReX9Y9DN
COMMON  /WALL/Z NPAIRly NPAIRZs XWe YW
COMMON /ZCONST/ PO1sP02sP(33y TO1eT022T039 X1s XCe YC
DATA RGsG9GCy TRFF sRHOREF ¢ TW/53.29104932e2953049040759530.0/
DATA NUFREFspRePRT/0.0001490+7909/
DATA PR1+PRT1/1e091.0/
DATA AlsA29A3/14444198, 7!.03611/

INPUT DATA SECTION

READ(S;BOU) NUMITo(TITLE(T)»I=1,418)
READ(S5+8B01)PU1,T0Ll9yP02yTO29MASS19MASSE
READ(S59802) KlsK29K3sNPCYCLINQUICK
READ(5+801) XNOZsYNOZsTNOZ D
READ(S+802) MSTs(NDI(Iy1),I=14MST)

NPAIR1=NDI (MSTs 1)

READ(S5+803) (XW(T9l)eYW{(Iel)sI=1sNPAIRL)
READ(5+8C2) MSSe(NDI(Is2)4sI=19MSS)

NPAPR2=NDI (MSS,2)

READ(S+803) (XW{(Ile2)sYW(I22)9I=14NPAIR2)
READ(S5+804) NFULL » (XPROF {(J)sJ=1sNFyLL)
FORMAT(I1+18A4)

FORMAT(6F10.0)

FORMAT(111S)

FORMAT(2F10.0)

FORMAT (IS, 10FS.0)

APROF (NFULL+1)= XW(NPAIR1s1)
WRITE(69900)(TITLE(I)I=1,18)
IF(NUNIT.GT0) GO TO 9

WRITE(69901) POLl+T019sP029TO029sMASS]I ¢MASS2D
WRITE(69902) XNOZsYNOZ+TNNZ

Go TO 16

WRITE(6+914) PQOlsTOlsP0O2syT02+sMASS1 yMASS29D
WRITE(69915) XNOZ»YNOZy»TNOZ

RG=284.

Ge=1..

BNA
SNA
ENA
SNA
SNA
$NA
$NA
BNA
$NA
BNA
FNA
FNA
ENA
$NA
ENA
SNA
$NA
$NA
SNA
ENA
SNA
$NA
BNA
$NA
SNA
BNA
ENA
SNA
SNA
SNA
SNA
SNA
SNA
$NA
BNA
$NA
ENA

[ ]-]
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
8lo
820
830
840
850
860
870
880
890
9090
910
920
930
940
950
960
970
989
990

$NA1000
$NA1010
$NA1020
$NA1030
$NA1040
$NA1050
$NA1060
$NA1070
$NA1 08O
$NA1090
$NA1100
$NAL1110
$NA1120
$NA1130
$NA1140
$NA1150
$NA1160
$NA1170
$NA1180
$NA1190
$NA1200
£NAL210
$NA1220
$NA1230
$NA1240
$NA1250
$NA1260
$NA1270
$NA1280
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900

901

902

903

904

905
906
914

915

601

602

1

1
2
1

2/ 25X +31HSECONDARY STAGMATION PRESSURE =+F6,295H PSIA/
3 25X +28HSECONDARY STAGNATION TEMPe. =+FT7e2516H DEGREES RANKI
4NE// 25X 9 24HPRIMARY MASS FLOW RATE =9FB8.5912H LBM/SEC-IN./

5

TREF=295,

RHOREF=1,.,201

TW=295,

NUREF=1.3E~5

Al=1,

A2=110-

A3=1.0

WRITE(69903) Kl.K29KIsNPCYCL

WRITE (69904)
CALL WALLS({XWsYWs1000e90e92T19R1eNPAIR]»1)
CALL WALLS(XWsYti 910009049 T29R2ZeNPAIR2s2)
NPAIR= NPAIR1

IF (NPAIR1 .GT, NPAIRZ2) NPAIR= NPAIR2

WRITE(69905) (JeXW{Jal) oYW (Jr1)sCURVIJs1)sXW(Je2)sYW(Us2) s

CURV (J92) 9 J=19NPAIR)
WRITE(6+¢906) (XPROF(I)yeI=)4NFULL)
FORMAT (1HY 939X 943 (1H®) /740X e IH* 24 X e 1H# /40Xy 1H* 42X »

40HCOANDA EFFECTS IN A PLANE CURVED DUCT %/

GOX9lH® 94 ) Xs IH* /40X 943 (1H*) //718A4//)

FORMAT (25X 9 29HPRIMARY STAGNATION PRESSURE =9F64.2,5H PSIA/

25X+ 26HPRIMARY STAGNATION TFMP, =9F7.2s16H DEGREES RANKINE

25X+44HTOTAL OF SECONDARY PLUS TERTIARY FLOW RATE =9F8,5s

612H LBM/SEC=IN.//25X919HNOZZLE SLOT WIDTH =4F6e3y4H INJ/)

W= N -

1

2

3

FORMAT (25X921HNO7ZLE X COORDINATE =9F10e494H IN./
25X921HNOZZLE Y COORDINATE =+F10e494H IN./
25X 14HNOZZLE ANGLE =+F10+3+,8H DEGREES/)

FORMAT (25X 9y 39HNUMBER OF GRID POINTS IN PRIMARY FLOW =yI4/

25X+ 41HNUMBER OF GRID POINTS IN SECONDARY FLOW

=914/

25X940HNUMBER OF GRID POINTS IN TERTIARY FLOW =,14/

25Xs 12HPRINT CYCLE +14)
FORMAT(1H1910X925HMIXING SECTION DIMENSIONS////
17X910HLOWER WALL 935Xy 10HUPPER WALL/

7
FORMAT(17+3Xy2F10e49F1565410Xs2F10.4+F155)
FORMAT (/7X9 12HPRNFILES AT,10F10.5/)

FORMAT (25X 9 29HPRIMARY STAGNATION PRESSURE =,E12,5+7H PASCAL/
25X 926HPRIMARY STAGNATION TEMP, =sF7.2915H DEGREES KELVIN/
25X93)1HSECONDARY STAGNATION PRESSURE =9E12.527H PASCAL/
25X+ 28HSECONDARY STAGNATION TEMPs =9FT7e2915H DEGREES KELYI

25Xs44HTOTAL OF SECONDARY PLUS TERTIARY FLOW RATE =+FBeSy

6X91HI9 10X 2 1HX99XIHY » 11 X9 4HCURV19X9 1HX99X91HY s 11 X9 4HCURV

1

2

3

4N’/ 25Xy 24HPRIMARY MASS FLOW RATE =9F8.5y 9H KG/SEC=-M/
S

6

1
2

9H KG/SEC-M /7/7?25X919HNOZZLE SLOT WIDTH =+.F9.697H METERS/)

FORMAT (25X921HNOZZLE X COORDINATE =9F10+697H METERS/
25X921HNOZZLE Y COORDINATE =9F104697H METERS/

25X914HNOZZLE ANGLE =+F10+3y8H DEGREES/)
XNQZ= XNQZ/D
YNOZ= YNOZ/D
TNOZ= TNOZ / 1800 * 3.1416
DO 601 J=1+NPAIR1
XKW Jdel)= XW(Jel) 7 O
YWi(Jdel)= YW(Jel) /7 D
CURV (J91)=CURV(J,s1)%D
CONTINUE
Do 602 J=1sNPAIR?
AW (Js2)= XW(Js2) 7 D
YW(Jds2)= YW(Je2) 7/ D
CURV (J92)=CURV(J+2)*D
CONTINUE
RHO01=A1#P01/RG/TO1
UREFP=SQRT( GC*RG*TOY)

KAFT TS NUMBFR OF POINTS CLOSE TO JET NOZZILE WAlLLS

SNA1290
SNAL1300
$NA1310
$NA1320
SNA1330
$NA1340
SNA1350
$NA1360
$NA1370
$NA1380
$NA1390
NA1400
$NATS410
$NAL420
SMA1530
$NA1440
$NA1450
$NA1460
ENA1470
SNA1480
SNA1490
SNALIS00
3NA1510
$NALS20
$NAL1S30
$NAYSE)
$NALS50
$NA1560
$NALSTQ
$NA1S8D
FNA1SOE
SNA1GOD
SNA161C
SNAL626
$NAL163D
FNAL64C
FNATESO
SNA1660
$NA16TO
SNA1680
$NA1690
$NA1700
$NAITLO
$NA1720
$NA1730
SNALT740
$NA1750
$NALT760
SNA1770
SNA1780
$NAL1790
$NALBOQ
$NA1B1O
$NA1820
SNA1830
$NA1840
$NA1850
SNA1860
sNA1B76
$NA1880
$NA1890
$NA1900
SNA191L0
$NA1920
$NA1930
$NA1940
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KwALL IS NUMBER OF POINTS CLOSE TO DUCT WALLS

KJET= 6
KWALL= 20
N= K3 +# Kl # K2 + 2 # KWALL + & # KJET + 1
NN=N=1
NX1=1
NX2=K3+KWALL+KJET+1
NX3=NX2
NX4=N-K2=-KWALL=-KJET
NXS=NX4
NX6=N
NX{1)=NX1
NX{2)=NXx2
NX(3)=NX3
NX (4) =NX&
NX (5) =NXS
NX(6)=NX6
Ll= NX(3)
L2= NX(4)
NMAX= (L1 + L2) 7 2
NF= 1
P03=P0?2
T03=T02
MASS]=A1%#MASS]/RH0Q1/7UREFP/D
MASS>=A]1®*MASS2/RHO01/UREFP/D

74

ENA19S0
$NA1960
$NAL1970
$NA1980
$NA1990
SNA2000
$NA2010
$NA2020
$NA2030
$NaA2040
$NA2050
$NA2060
$NA2070
$NA2080
$NA2090
$NA2100
$NA2110
£NA2120
$NA2130
$NA2140
$NA2150
$NA2160
$NA2170
$NA2180
$NA2190
$NA2200



ann

28

29

921
922
923
924
92s
926
927

 SUBROUTINE INCOND IS USED TO CALCULATE THE INITIAL CONDITIONS

CALL INCOND(NsNNsK1 sK29 K39 KWALL sKJET oL 1912,y
. MASS1leMASS29AMASSI s AMASS2+AMASS Iy
: RG95Cs G XNOZ9YNOZ» TNOZ s XWs YWsNPAIR] yNPAIR2)
AMA]=AMASS]1*UREFP®#D#*RHO017A1l
AMA2=AMASS2#UREFP*D*RHN01/A]
AMA3=AMASS3#UREFP#D*RHO01/A1
WRITE(6+921)
62=G/({G=1.)
VNOZI= URFFP'SQRT(2.'62“(1--(POZ/PO])*“(I./GZ)))
TNOZTI=AMAL1#VNOZ1
WRITE(6+927) TNOZE
WRITE(69922) AMAl9AMA2+AMA3
WRITE (6+923)
00 28 J=1sN

XS=X(J)*D

DNS=DN(J) #D

YS=Y (J)#D

TX=THETA(Js1) #57,2958

XR=R(J»1)/0

WRITE(69924)J3yXSesYSIDNSsTXeXRePSI (L) |

WRITE (64925) 1

D0 29 J=1N \

POD=PO(J)®#PO1

PSD=PS(Jy1) P01

TO=TS(Js1)#T01

RHOD=RHO (Js1) #2HNO01

UV=U(J+ 1) #UREFP

WRITE(6y 26) JsPrDePSDsTO»sRHODUV M (D)

FORMAT (1H]///7925X91BHINITIAL CONDITIONS//) |

FORMAT(TX sBHAMASS] =F10.595X+sBHAMAGSSZ =F10.5¢5XsBHAMASS3 =F10,57)
FORMATA{TX 9 JHJ9OR e LHX 99X 9 IHY s BX 9 2HDON 96X sSHTHETA 98X 9 1HK s TX 9 3HOMG/)
FORMAT(5X91392Xe4F10e3eF10.64F1044)
FORMAT(///TXe1HJI4BX92HP 0+ 8X s 2HPSs8X92HTSs 7X e 3HRHO 99X s 1HU 3 IX 9 1HM/)
FORMAT(SX91392x92E10e39F10419F10e5,F10e19F120.3)
FORMAT(7X 941 HISENTROPIC NUOZZLE THRUST PER UNIT WIDTH =sE]10.3)
DO. 30 J=1,N

THETA(Je?)STHETA(Je 1)

PS(J+2)=PS(Us 1)

TS(Je2)=TS(Ja1)
RHO(Je2) =RHO(Js 1)
UlJs2)1=U(Js])

H{Je2)=R(Js1)
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000
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7

40

E(J) = Qe

DEL1=0.0

DEL2=0.0

DEL3=0.

DEL4=0.
CORE3=DN(NX2)=DN(NX1)
CORE1=DN(NX4)=DN(NX3)
CORE2=DN (NX6) =DN(NXS5)
DPDSA= ~0.001

USTART = 0.0
USTARO = 040
DGO=0%
DGI=0.G
NGRID=0
NPRINT= 0
DSA= .02 * DN(N)
ccz .07
NCORE=1
NSEP=0
RDECAY=4.
ICOUNT=0

BEGINNING OF MARCHING CALCULATION

U0 4500 NSTEP = 149100
IcHs = 0

FIND MIDDLE OF DuCT

DO 527 J=1sN

IF (DN(J) +LT. DNI(N)®*0,5) NDUCT= J
CONT INUE

IF (NSTEP .EQ. 1) GO TO 77

SUBROUTINE EDDY CALCULATES THE EDODY VISCOSITY FOR SuB. SOLV

CALL EDDY (NyNNoNXosU9sPSyCCyDS+sEsE1sRHO3VISsR9DNy
S4y S5y DEL1yDEL2,DEL34DEL4»CORE]+CORE2,CORE3)
CONTINUE
El(1) = 0.

DO 40 J=2sNN

E1(J) = RHO{(Je1)*UlUe])
CONTINVUE

EI(N)=0-

MOVE TO NEXT POINT ON WALL.eeso

DS(NMAX)= DSA * (1.04) %& (NSTEP=1)
IF (DS(NMAX) oLT. .02 * DN(N) ) DS(NMAX)= .02 # DN(N)

CALCULATE DS(I) VALUES
(MIDDLE DS VALUE CALCULATED FIRST
THEN DS VALUES CALCULATED OUT TO BOTH wALLS

NPRR=NMAX+]

DO S0 J=NPRRsN
JM= J-1
C1=RHO(J9»2) +RHO (UM 2)
C2=U(Js2)+U(UM»2)
C3=R(J92)+R{(IM»2)
Ca= PSI(Y) - PSI(J-])
s = CanC3I/7(Cl%C2)
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DS(J) = (1e+C5)/(1e=C5)#DS(IM)
CONT INUE
NPRR=NMAX=~]
DO 52 MM=1sNPRR
J=  NMAX = MM
M= Je+l
C1=RHO(J»2) +RHO(JM»2)
C23U(J92) +U(IMs2)
C3= R{Js2) + R(IMs2}
C4= PSI(J) = PSI(UM)

Cs = Ca*C3/(Cl*C2)
DS(J) = (14+C5)/(1.~C5)RDS(UM)
CONTINUE

MOVE TO NEW POINT X(1) AND X{(N) ALONG WALL SURFACES
AT A DISTANCE SPECIFIED BY DS VALUES

Dx1l= X(1)

CALL DSMOVE(XWeYWeX(1)sY(1)sDS(1)sTHETA(ls1)s R(191)9 NPAIRL»1)
CALL DSMOVE (XWsYWeXIN)sYiN)s DS(N)y, THETA(Ns1)s R(Nsl)s NPAIR2+2)

IF(X(1) 46T« XW(NPAIR1 1)) STOP
IF (X(N) +GT. Xw(NPAIR2Z ,2) ) SToP
Ox1=- X(1) - DX1

COMPUTE Ys» THETAs AND R VALUES CORRESPONDING TO NEW X VALUES

CALL WALLS(XwWsYWy X(1)y Y(1)y THETAls Rl NPAIR1l, 1)
CALL WALLS(XWsYWe X(N)s Y(N)y THETAZ2s R2» NPAIR2, 2}
Y2= Y{(N)

COMPUTE CURVATURE R(Jy2)

DO 400 J=1sN
Dwl= DN())
Ow2= DN(N) = DN(J)

R(J92)=R1#*#11.=-DW1/0N(N))®EXP (=RDECAY*DW1*ABS (R1)) +R2*DW1/DN(N) *

1 EXP (~RDECAY*DW2#ABS (R2))
CONTINUE

COMPUTE THETA(U»2)

00 51 J=2sNN

THETA(J92)= THETALl + (THETA2=-THETAl) * DN(J)/DN(N)
CONTINUE

THETA(1s2)= THETAlL

THETA(Ns2)= THETA2

THIS SECTION ATTEMPTS TO SATISFY CONTINUITY
LOOKS FOR A PS({1+2) SUCH THAT Y2 = YI(N) = 0.0
OPDSA, DPDSB ARE PRESSURE GRADIENTS

IF (ABS(DPDSA) .LTe 1.E-08) OPDSA==.001
DPDpSB= DPDSA #« ¢,9
DDISTB= 1.0
DO 650 ITER= 1l+40
IF (ITER +EQe. 1) PS(1s2)= PS(1s1) + DPDSA

AT THIRD ITERATION GUESS NEW DPDSB
USING EXTRAPOLATION THROUGH ODPDSA AND PREVIOUS OPDSB
IF (ITER .GE. 3)
1 DPDSB= (DDISTB*DPDSA = DDISTA®*DPDSB) / (DDISTB-DDISTA)
TF (ITFR .GFe 2V PS{142)x PS(1s1) + DPNSKH
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DO 60 J=ZsN

M= J-1
C2=U(J92)+U(JMe2)}
C3=R(Js2) +R(IM92)

C4= PSI(J) - PSI(J~-])

PS(Js2)=PS(IMe2) ¢ C2%C3*C4/440
60 CONTINUE
C
c SUBROUTINE SOLV IS USED TO SOLVE UsT ON M=2 LINE
c
CALL SOLV(DS+NeNN9PR19PRT1+G)
Utls2) = 0.
DO 70 J = 2NN
U(Js2) = H(J=1)
70 CONTINUE
UiNe2) = 0.
CALL SOLV(DSsNsNNesPRsPRT9G)
00 80 J = 2+NN
TS(Je2) = H{J=1)
80 CONTINUE
TS{1+2) = TS(292)
TSINs2) = TS(N=192)
00 90 I = 1N

RHO(I+2) = PS(I92)/TS(1s2)
. RHO(I,1) =RHO(1,2)
VIS(I)=(TREF+A2)/{T01*TS(I+2)+A2)
VIS(I)=VIS(I)#(T01*TS(1+2)/TREF)*#0,5
VIS(I)=VIS(I)*RHOREF*NUREF/ (PO1#SQRT(GC/RG/T04))

90 CONTINUE
g GIVEN PS(1+2)9s CALCULATE UPPER WALL COORDINATE Y(N)
¢ CALL CORDS (NsXs Vo THETA»UsRHOIP.ST DNy NDUCT»DDIST)
g IF Y2 «EQ. Y(N) THEN THIS PS(1+2) SATISFIES CONTINUITY
¢ IF (ITER .EQ, 1) ODISTA= DOIST
IF (ITER .GE, 2) 0ODISTB= 00]IST
E IF SUFFICIENTLY SMALL INTERVALs THEN EXIT

IF (ABS(DDISTB) oLEe 0e) =#* 4) GO TO 660
650 CONTINUE
WRITE(6+916) DPDSAYOPDSByDDISTByNSTEP
916 FORMAT (/TX9»23HNO CONVERGENCEs DPDSA =¢F10+5¢8H DrDSB =+F10.5»
1 94 DDISTR =+F10.5+6H STEP=14)
660 CONTINUE

C
C SAVE PRESSURE GRADIENT THIS STEP
C
DPDSA= DPDSB
G1=G-1.
G2=6/61
C
C COMPUTE MACH NUMBERS M(I)
C

D0 220 I=1sN
M(I)=U(1+2)/SQRT(GRTS(I92))
G4 = 1o ¢ Gl/2.#(M(I)PM(I))
PO(D) = PS(1+2)00400G2
220 CONTINUE

REMOVE EXTRA GRID POINTSe FIND EDGES OF FLOWS

nOOOo
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CALL REMOVE (NyNNeNGRIUINX sNMAX9PST9519529539549559D5sVISeDNs

XeYsMaPOsHesTHETAIR9PSsUs TSeRHO)

CALL LOOK(NsNNyK3IoNCORE+DEL1+DEL29DEL3sDEL&+CORE]+CORE2+sCORE3S

NX+POsDNsUsDIPNMAX)
SHRIN=SU(Z2+2)*VIS(2)/7(DN(2)~DN(1))
(DN(2)-DN{1l))

SHROR=U(NN»2)#VIS{NN)/ (DN(N)=DN(NN))
DS (N)* (DM (N)=DN(NN) )

- oS*(PS(142)-PS(1+1))/DS(1)*
=eS*(PS{N»2)=PS(Ne+1))/

IF{(SHRINeLE«O+) «ORe (SHRORWLEGO+)) NSEP=1

1F (NSEP.EQe1) NPRINT=NPCYCL=-1
1F (NSEP.EQel) ICOUNT=])

SAVE VALUES COMPUTED THIS STEP

Do 222 I=1oN
PS(Is1) = PS(I+2)
UtIel) =U(Ir2)
TS(Is1) = TS(1,2)
THETA(I91)=THETA(I+2)
R({Is1) = R(I+2)

OQUTPUT SECTION

DS10= DS(1) = D
0s2Q= DS(N) # D
DSUMl= DSUM] +DSlQ
DsuMz= DNS2Q + DSUMZ

NPRINT= NPRINT+]

IF ( (X(1)#D) ,GEe XPROF(NF) ) NPRINT= NPCYCL
IF(X(1)*D.GE+XPROF (NF)) ICOUNT=]

IF { (X(1)%D) GEe XPROF(NF) ) NF= NF ¢ 1

IF (NSTEP .EQ. 1) NPRINT= NPCYCL

IF (NPRINT .LT. NPCYCL) GO TO 45

NPRINT= 0

Dx@= OX1 * D

XI= X(1) =D

X0= X{(N) #= D

PH201=(PS(1+2)#P(¢1-P02)/A3
PH200=(PS(Ns2)#P(1-P02) /A3

IF ¢
IF «
Rl=

RO=
RNI=

RNI=RNIZ(SS5(2)%(U( 391)=U(291))+S4(2)*(U(291)=U(>791)))

RMO=

RNO=RNO/ (S5 (NN) # (1 ( Nol)=U(NNs1))+S4(NNI* (U(NNs1)=U(NN=1+1)))

UMAX
XTSI
XTSO
WRIT

FORMAT (1H1 95X s5HNSTEPs6Xs 2HXT 98X 92HPI 94 X9 6HUSTART 98X 92HKI 97Xy
3HRNI 98X 9 2HX0e8X92HP0O 94X s BHUSTARQ +8X 9 2HKO 9 7X 9» 3HRNO » 6X 9 GHUMAX/

SHRIN «GT. 0.,0)
USTARI=SQRT (SHRIN/RHOQ (2+2) ) #UREFP
SHROR «GTe 0,0)
USTARO=SQRT (SHROR/RHO (NN 2) ) *UREFP
R(ly2) /7 D

R(Ne2) 7 DO

2¢0 * (R(24s1) /7 RHO(2+1))

200 * (R(NN91) 7/ RHO(NNs1))

= U(NMAXs2) * UREFP

= TS(1e2) * TOl + 0.5/7G2 * TO1 # (U(l,2))aup

= TS(Ns2) #* T0l + 0.5/G2 # TO1 * (U(Ne2))#np

E(6+908)
UMAX s ITER

SX913+2(F10.49E11e3+2F10e4sF105)9F101//77Xs
22HNUMBER OF JITERATIONS =+13/)

WRITE(69907)DX0sNS1Q+DS2Q+DSUML s DSUM2

FORM

AT( 7TXs 9HDELTA X =9F10.5912H DELTA SI =9F10.59

12H DELTA SO =9F10,5¢6H SI =F10596H SO =sF10.5/)

SHRIN=SHR IN#PN)

NSTEP o X1 9PH20IvUSTARI +RIsRNI s X0sPH200+sUSTAROIRO9RNOY

IMALS90
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SHROR=SHROR*PQ1
WRITE(69912) SHRINsSHROR
TMOMX=0.
NNY=N=1
D0 95 J=1sNNY
TMOMX=TMOMX+ (RPHO (Je 1) 2U(J91) #4228 COS(THETA(Yy1)) ¢RHO(Js151) ¥
U(J+191)#028COS(THETA(J+1451)))/2.8(Y(J+1)=Y(I))
TMOMX=TMOMX#PQ1%D
CT=THMOMX/TNO7 I
WRITE(69931) TMOMXCT
FORMAT( T7X97HSHRIN =F12¢5¢5Xs 7THSHROR =E12.5/)
FORMAT(/7Xs3THTOTAL AXIAL MOMENTUM PER UNIT WIDTH =»E10.3//7X,
14HTHRUST RATIO =4E10.3)
IF (NQUICK «GT. 9) GO TO 45
IF (ICOUNT.EQ.D0) GO TO 45
ICOUNT=0
CORE1Q= CORE1
COREZQ= COREZ2
COREQ= CORE3
DELlIG= DEL] #
DEL2G= DELZ #
DEL3Q= DEL3 #
DEtL40= DELG #
wRItE(6.909) (NX(I)oI=196)3COREZQsCORE2Q9CORE3QsDEL1Q+DEL2Q0
" DEL3Q.DEL4Q

FORMAT (TX92HN]L ¢5x92HN2 9 SX 92 2HN3 95X s 2HNL ¢ SX e 2HNS 9y Sx s 2HNG/SX 9 L4y

5(3X914)// TX9SHCORE]1+SX9sSHCORE295X9SHCORE39/4Xe3F1057/

: TXsGHDEL 196X 9 4HDEL2 96X 9 4HDFL3 96X 9 4HDELG4/4X24F104577/)
WRITE(6+910)
FORMAT (7TX s 1HJ9 TXe3H1/ReSXsSHTHETAS9X e 1HX 99X 9 IHY 46X 9 4HYREL 96X s
4HURFL 95X ¢ SHOOREL 98X 92HPS 99X s 1HE 95X 6HTOTEMP /)

DO 100 J=1sN
THEIO=THETA(Js2)#1R0e/3e1416
XR=R(Js2)/D

0
D
D

QOO0 % % %

YS=Y(J)#D

YREL= Y{(JY 7 Y(N)
XS= x(J)#D

UV=U(Je2) / U(NMAXs2)
POD=PO (J)

PSD=PS (J,2)%#P01
To= TS{Je2) # Tol + 0.,5/62 # TQl # (U(Je2))*#2
TOMAX= TS(NMAXs2) * TOl + 0.5/G2 # TOl * (U(NMAXs2))#22
XTS= (TQ = XTSO0)» / (TOMAX = XTSO)

XT=E(J) *UREFP#D/SQRT (AY)

DND=DN(J) &D
WRITE(6’911)JoXR.THE10!XS’YS;YRELQIIV’DODQPSDQXTQTO
FORMAT (5X9I3,2XeF1l0e593F1Uet93F10e59E11e39F10e5,F10.2)
CONTINUE

CONTINUE

IF(NSEP.EQ.1) GO TO 300

CONTINUVUE

CONTINUE
sToP

WRITE(6+4930)
FORMAT(7X 924 (1H®)/TXe3BRHNEGATIVE SHEAR STRESS AT THIS STATION./

TXe36H THIS INDICATES POSSIRLE SEPARATION,/
TXe48H SUMSEQUENT RESULTS SHOULD BE USED WITH CAUTION,//
7X924 (1H®))
NSEP=0
GO TO 4499
END
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SUBROUTIME INCONND(NINNyKIsnZeKIoRWALLsKUL Int 1oL 2, $SIN 0

(2] OO0 OO00000

OO0 00

O0OO0

50

1 MASSL1 s MASS29AMASS] 9 AMASS29 AMASS 3y $IN 10
2 RGsGCyGeXMOZ 4 YNOZ s TNOZ e XW e YWINPAIR]L (NPAIR2) $IN 20
$IN 30
PET Y T T Y R L L e N P R S R g R R Y $IN 40
SUBROUTINE INCOND $IN
CALCULATES INITIAL CONDITINNS $IN 60
INPUT VARTIABLES SIN 70
NPAIR1: NUMRER OF POINTS ON LOWER WALL $IN 80
NPAIR?: NIIMRER OF POINTS ON UPPER WALL $IN 90
Xwl(Isl)s YW(I,1):2 DATA POINTS SPECIFYING LOWER WALL $IN 100
XW(IeP)se YW(][.2)2 DATA POINTS SPECIFYING UPPER WALL $IN 110
X1t STARTING POINT ON LOWFR WALL $IN 120
XCsYC: CENTRE OF INTTIAL RADIUS OF CURVATURE $IN 130
B P R R R A S R R G g g R R R TR e 2 T SIN 140
$IN 150
RFEAL MASS1sMASS2.MUDIM (190 $IN 160
DYMENSION XW(992)9sYW(9592)+51(190),52(190)+53(190)+ S4(190), $IN 170
SS(190)+E(190) +E1(190) sDS(190)9X(190)sY(190), $IN 180
PO(190) sHI190) o THETA(190,2) sR(190+2)5U{19092) ¢ $IN 190
TS(19092) yRHO(190+2)sVIS(190) $IN 200
DIMENSION OMG(199)+DN(190)PS(190s2) SIN 210
DnuUBLE OMG(190)»ON(190) 4PS(190+2) $IN 220
NIMENSION PSI(120) $IN 230
DOURLE PSI(190) $IN 240
DNUBLE XTeP3yRYsPPeDYsPSIsNPSTIsZYsNDSORTIDOPSe2 SIN 250
COMMON/SOLY/ S1+529S39E9E19H9S49SS $IN 260
COMMON/ IMEDY/PSI +RHOIVIS $IN 270
COMMON/INCD/ UePSyTSeMyPOTHETAsReX9YsDN $1IN 280
COMMON /CONST/ PUO1sP0O2+P3G3s TO19T02+T03s X1le XC, YC $IN 290
DISTUXXeYY s XXCoYYC)=SQRT( (ABS(XX=XXC) #&2) + (ABS(YY~=YYC)##2)) $IN 300
$IN 310
LLOOK FOR ARC TANGENT TO BNTH WALLS WHICH PASSES THROUGH NOZZLE $IN 320
X1 AND X? ARF STARTING POINTS ON LOWER AND UPPER DUCT WALL $IN 330
$IN 340
¥NOZe« YNOZ 1S MINDLE OF NOZZLE $IN 350
FIND COORDS 0OF EACH ENGE $SIN 360
NOZZLE WIDTH IS 10 $IN 370
SIN 380
XNOZ1l= XNOZ + { (SIN(TNOZ)) # 0.5) $IN 390
ANQZ2= XNOZ - ( (SIN(TNOZ)) # 0.5) SIN 400
YNOZl= YNOZ - (ABS(COS(TNQZ)) % 0,5) $IN 410
YNOZ2= YNOZ + (ABS(COS{TNOZ)) % (,5) $IN 420
$IN 430
COMPUTE ARC LFNGTH ACROSS DUCT (DNP) $SIN 440
ARC LENGTHS T0O N0OZZLE (DNYs DNO) $IN 450
$IN 460
CALL ARCDIS(XNOZ1eYNOZI+TNOZsX1sRCloXWeYWINPAIRL,1) $IN 470
CALL WALLS(XWeYWeX19Y1eTleR1oNPAIRYI1) SIN 480
1F (RC) .LT. 100,0) ONI= RC1 # ARS(TNOZ=T1) $IN 490
IF (RCl .GE. 100,0) ONI= DIST(XNOZl1+YNOZ1sX1lseY]) $IN S00
CALL ARCDIS(XNOZPesYNOZ2+sTNOZ+sX29RC29XWeYWINPAIRZ,2) $IN Slo0
CALL WALLS(XWeYWX29Y2+T24,R24NPAIRZs2) $IN S20
IF (RC2 +LTe 100.,0) DNO= RC2 # ABS(TNOZ=-T2) $IN 530
IF (RC2 +GEe 1G0,0) DNO= DIST(XNCZ29YNOZ29X2+Y2) $IN 5S40
NN2= ODONT + DNO +1.0 $IN SS0
X(1)=X1 $IN S60
Y(l)=Y1 $IN S70
X{(N)Y= X2 $IN 580
Y(N)= Y2 $IN 590
THETA(ls1) =TI $SIN 600
THETA(Ns1) = T2 $IN 610
SIN 620
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SOLVE FOR MASS SPLIT (NOZ7LE EXIT CORRESPONDS TO DNIL1) )
DUCT COMPUTFD MUST CORRESPONG TO ACTUAL DUCT WIDTH
THUS DN(]) SHOULD EQUAL 0.0 ° :

FIND LOCATIOM OF NOZZLE
(DIFFERENT CALCULATIONS FOR SPLMAX DEPENDING ON

NOZZLE LOCATION).

TF (DNT .LTe DNO) NZONE= 9

IF (DNI GE. DNOY NZONE= 1

IF (NZONFE +EQ. #) NMID= L2

IF {(NZONF .EQ. 1) NMID= (]

Gl= 100 / (G'IQO)

G?= G/{(G=1.0)

RDECLY=4,

A=DNI+1.+0DNO

IF(NZONELEQeN) RTEST=R1#(}o=(DNI+1,)}/A) #EXP (=RDECAY#(DN]+]14)®
ARS(R1)) +R2# (NDN1+1,)/A4EXP (=RDECAY*DNO*ABS (DNO))

IF(NZONELEQel) RTEST=R1*(],=-DNI/AY#EXP (~RDECAY*DNI*ABS(R1))}+
R2#DNI/A#EXP (-RDECAY# (NDNO+]1.) #ARS(R2))

TMAX=  (T02/T0] = +0001*((G=1,0)/(G%#2.0)) )
s (PQ3/P01) #% ((G=1,n)/G) % (T01/702)

M(NMIDY= SQRT(2.0 * Gl * (1,07 TMAX = 100 )

OSNMID= TMAX ## G2

PHO(NMIDS1)= P02 s P01 * T0Y / TO2

U2MIN=ABS (4 0001 -7« #*GH#PSNMID#* (M(NMID) ) ##2%RTEST/RHO (NMIDs 1))

H2MIN=  SQRT (UPMIN)

SPLMAX= 1.0 - ( P02 7 POl * TO1 7 T02 # UZMIN # DNO / MASS2)

SPLMAX= ABS (SPLMAX)

IF (SPLMALX «~T, 0499) SPILMAX= 0,99

THIS IS ENTRY POINT FOR LOWERING SPLMAX IF TMAX 1S EXCEEDED

CONT TNUE

SPLMIN= 1.0 = SPLMAX

SPLTST= ONI / (DNI + DNO)

XA= SPLTST

IF ((NZOMNE oFQe 0)eANDo (XA oLTe SPLMIN*1.11)) XA= SPLMIN%*]1,11
1IF ((NZONE +EQe 1)eANDL (XA oGTe SPLMAX® 1.0)) XA= SPLMAX® 1,0
XB= XA # (0,9

PIFFR= 1.0

NMID= (L1 + L2) 7 2

rO 40 ITER= 1450

IF (ITER LEQ. 1) SPLIT=XA

1IF (ITER +GE. 73) XB= (DIFFB#XA « DIFFA®*XB) / (DIFFB=DIFFA)
IF (ITER .GE., ?) SPLIT= XB

AMASS1=MASS]

AMASS3= SPLIT * MASS2

AMASS2=  (1.,0-SPLIT) # MASS2

STREAM FUNCTIONS

OMGN=  AMASS] + AMASS2 + AMASS3
0OMGJ3= AMASS3
oMGJ2= AMASS3 + AMASS]

NMJET IS THE SMALL DELYA OMG AT JET WALLS
OMWALL IS THE SMALL DELTA OMG STARTING IN FROM DUCT WALLS

NMWALL= 00001 + OMGN

NMJET= DMWALL * 10040

NOMG3=  (CMGJ3 7 FLOAT(K3)

NOMG2=  {(OMGN = 0OMGJ2) / FLOAT(K2)

SIN

‘$IN

SIN
SIN

$IN

$IN
SIN
SIN
SIN
SIN
SIN
$IN
SIN
SIN
SIN
SIN
SIN
$IN
SIN
$IN
SIN
SIN
SIN
SIN
SIN
SIN
$IN
SIN
$IN
$IN
SIN
SIN
$IN
SIN
SIN
$IN
SIN

630
640
650
660

670

680
690
700
710

720

730
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
890
900
510
920
930
940
950
960
970
980
990

$IN10GOO
$IN1O10O
$IN1020
$IN1030
$IN1040
$IN10S0
$IN1060
$IN10G70
$IN1080O
$IN1090
$INL100
$IN1110
$IN1120
$IN1130
$INI140
SIN1150
$IN1160
$IN1170
$IN1180
$IN1190
$IN1200
$IN1210
$IN1220
$IN1230
$IN1240
$IN1250
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NOMGYI=  (OMGJ?
eSI(1)= 0.0

PSI(L1)= OMGJ
PSI(L2)= OMGJ
PSTI(N)= OMGN
CALL OMGSET(P

IF ((MAXERR oE
IF ((MAXERR LE
IF (ITER .EQ.
IF (ITER +GE.

CHECK FOR TERM

IF (ABS(DIFFB)
CONTINUE

WRITE(69902)SP
FORMAT(/7X97HS

TX936HNUMRER OF ITERATIONS TO FIND SPLIT =+14/7)

- 0MGJU3) / FLOAT (K1)
3
2

SIs 1oLl osKWALLoKJET+DMWALLYDMJIET»DOMGIsRST3sRFIN3)
CALL OMGSET(PSIoL19sL2+KJIETIKIET9DMJIET +DMIET »DOMGL9»RST19RFINL)
CALL OMGSET(PSI+L2yNsKJETIsKWALLIDMJIETsOMWALL 9DOMG29RST24+RFIN2)
CALL TMPSFT (NsNN9RG+GCyGeDN2eR19R2+L1+L2+sDNIsDNOy
DNsMAXERR)

PSIy Re My TSe PSy
Qe 1)eAND(ITER +EQa 1))
Qe 1) eANDS(ITER oNE. 1))
1) DIFFA= DN(1)
?2) DIFFB= DN(1)

INATION
oLEs 040013 GO TO 42

LIT2ITER
PLIT =+F1l0.5/

POy RHO» U,
GO TO 589
GO TO 599

COMPUTE OMG DIFFERENCE ARRAYS Sleee S5

DN 20 J= 2NN

Je = el

Jd = J-l

s1th)= PSI(UP
s2(J)= PSI1(UP
s3(J)=  PSI(N
sS4 (J) = S2(D)/
§5(J) = S3(J)/
CONTINUE

COMPUTE ANGLES

NO 410 J=2+NN
IF ( (J +GEe L

CONTINUE
DN 2 J=2sNN
IM=J-1
D=,Se(THETA(Js1

X (J) =X (JM)
Y(J) = Y(JM)
CONTINUE
RETURN

THIS SPLMAX GI
S0 TRY LOWERIN

CONTINUE
SPLMAX= SPLMA
60 TO S55

NO SOLUTION FO

CONTINUE
WRITE(6+911)
FORMAT(/7Xs21H
STOP

END

) = PSI(JM)
) - PSI(Y)
- PSI(JUM)
S3(J)/S1(d)
$2(N/S1(N

THETA (I)

1) ¢ANDe (J oLEe LZ2)) THETA(Jsl)=
TF(JeLTeLl) THETA(U»1)=THETA(J=191)=(DN(J)=DN{(J=1))/RC]
TF(J.GToL2) THETA(J91)=THETA(J=191)=(DN(J)=DN(J=1))/RC2

Y+THFTA(UMeY))
=(DON(J)=DN(JM) ) #SIN(D)
+ (PN (J)~DN(IM) I #COS (D)

VES A TS EXCEEDING TMAX
G SPLMAX 1 PERCENT

X # 0.99

R SPLIT

NO SOLUTION FOR SPLILT)

TNOZ

$IN1260
$IN1270
$IN])280
$IN1290
$IN1300
$IN1310
$IN1320
$IN1330
$IN1340
SIN1350
$IN1360
5IN1370
$IN1380
$IN1390
$IN1400
$IN1410
$IN1420
$IN1430
$IN1440
$IN1450
$IN1460Q
$IN14T0
$IN1480
$IN1490
$IN1500
$IN1S10
$IN1520
$IN1530
$IN1IS40
$IN1550
$IN1560
$IN1570
$IN1580
$IN1590
$IN1600
$IN1610
SIN1620
$IN1630
$IN1640
$INI6S0
$IN1660
$IN1670
$IN1680
$IN1690
$IN1700
$INIT10
$IN1720
$IN1730
$IN1740
$IN1750
$IN1760
$IN1770
$IN1780
$IN1790
$IN1800
$IN1810
$IN1820
$IN1830
$IN1840
$IN1850
$IN1860
$IN1870
SIN1880
$IN1890

83



SUBROUTINE TMPSET(NsNNsRGIGCeGaDN2yR1+R29L1sL2+DNIDNO» $TM™ 0

1 PSIs Ry, My TSs PSye POs RHO® Us DN MAXERR) FTM 10

c e L LR L et L P L L L DL P L P Pt $TM 20
[ SETS AN INITIAL TS IN MIDDLE OF NOZZLEs $TM 30
c DETERMINES CORRESPONDING M(I)sy TS(I)s DN(I)y ETC VALUES $TM 40
(o CHECKS DIFFERENCE BETwWEEN DN(N) AND DN2 $TM 50
C LTI PR L L ———— $TM 60
C $TM 70
REAL M(190) $TM 80
DIMENSION PO(190) + THETA(L19092)9yR(19032)9U(190+2)9T7S(190+2)» $TM 90

1 RHO(150.2) _ $TM 100
DIMENSION OMG(190)sDN(190),PS(190+2) $TM 110

C DOUBLE OMG(190)sDN(1390)4PS(1902) $TM 120
DIMENSION PSI(180) $TM 130

Cc DOURLE PS1(190) $TM 140
COMMON /CONST/ POL1sP02sP03s TOlsTOcCsyTO03» Xl XC,y YC $TM 150

Cc $TM 160
C THE STARTING ITERATION POINT IS AT PRESENT DETERMINED BY THE $TM 170
C LOCATION OF THE NOZZLE IN THE DUCT $TM 180
C IF NOZZLE IS CLOSE TO UPPER WALLs THE TMAX CALCULATION IS $TM 190
C VALID ONLY FOR TS(L1ls1)s AND SO NMID SHOULD EQUAL L1 $TM 200
(o IF NOZZLE IN MIDDLE OF OUCT NMID SHOULD = (L1 « L2) 7 2 $T™M 210
C IF NOZZLE CLOSE TO LOWER wALL NMID SHOULD = L2 , $TM 220
Cc AND CHANGE COMPUTATION OF R(JsNMID) e AND DN{NMID) $TM 230
C ETM 240
IF (DNI .LT. DNO) NZONE= 0 ' $TM 250

IF (DNI .GE. DNO) NZONE= ] $TM 260
MAXERR= ¢ s$TM 270
Gl=1.7(G-1,) $TM 280
G2=G/(G=14) $TM 290
KDECAY=4, $TM 300

IF (NZONE .EGQGe 0) NMID= L2 $TM 310

IF (NZONE +EQe 0 R(NMIDsl)= Rl # EXP(=RDECAY®*RI#(DNI+1.0)) $TM 320

1 + R2 # EXP{( RDECAY®*R2%#DNQ) $TM 330

IF (MZONE LEQe O} DNI(NMID)= DNI + 1l.0. $TM 340

IF (NZONE .EQ. 1) NMID= L1 $TM 350

IF (NZONE +EQ. 1) R(NMIDyl)= R] # EXP(=RDECAY®*R1%DNI) $TM 360

1 + R2 # EXP( RDECAY®*R2+*(DNO+1.0)) $TM 370

IF (NZONE +EQe 1) ODN(NMIPD)= DNI $T™M 380

c $TM 390
(o8 TMAX IS THE TEMPERATURE WHICH PREVENTS VELOCITY FROM $TM 400
C FALLING BELOW .01 (Ig GOING NEGATIVE) $TM 410
c $TM 420
TMAX= (T02/T01 - .0001%((G~1.0)/(G*#2.0)) ) $TM 430

1 &« (PO3/P01l) #% ((G=1l.0)/G) # (T01/T702) $TM 440

595 CONTINUE STM 445
TSA=, TMAX $TM 450

TsB= TSA - (S5.0/701) $TM 460

DIFFB= 1.0 $TM &70

Cc $TM 480
C D0 LOOP WHICH SOLVES FOR T7SB SUCH THAT DN2-~DN(N)= 0.0 $TM 490
[ GUESS NEW TSR USING FIXED TSA AND PREVIOUS TSB VALUE $TM S00
Cc $TM S10
DO 40 J=1+100 $TM S20

IF (J «E0. 1) TS(NMIDsl) = TSA $TM S30

IF (J «GEe 3) TSB= (DIFFB#TSA-DIFFA#TSB) / (DIFFB=DIFFA) $TM 540

IF (J +«GE« 2) TS{NMIDy1)= TS8B $TM 550

IF (TS(NMIDs»1l) GT. TMAX) GO TO 599 $TM S60
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SOLVE FOR TEMPFRATURESsMACH NUMBFRSsETCo AT NODE POINTS
WORKING FROM NOZZLE MIDDLE (NMID) OUT TO BOTH WALLS

NOZZLE CENTRE LINE VALUES

M(NMID)= SORT(2.0 # Gl # (1.0/TS(NMIDe1) = 1:0) )
PS(NMIDs1)= TS(NMIDsl) ## G2

RHO(NMIDy1)= PS(NMIDs1) / TS(NMID,1)

U(NMIDs1)= HM(NMID) # SQRT{G # TS(NMIDs1})

PO(NMID)= PS(NMIDsl) # (1,0 ¢ 0,5 / G1® M(NMID)##2) ##G2

REGION FROM NOZZLE MIDDLE TO OUTER WALL
SET Ms TSy PS

2 1C HIMD ERNM NMNZ77t E TN cENANNNADY CTDCAMY
AT =) Ad GO LA AL R A L g S ¥ 7Y Sy v IV OUiTuMANnY ES R BAYN 1M
PK=1.
GK=1,
RK=1.

NPRR=NMID+1
D0 42 I=NPRRsN
IMN=1~-1

JUMP POINT TO SECONDARY STREAM

IF (I +EQ.L2+1) PK= P02/P01
IF (1 +EQeL2+1) QK=PQ2/P01#(T01/T(Q2) ##G2
IF (I «EQeL2+1) RK=T02/701

SX=RK#R(IMs1)#(PSI(I)~PSI(IM))
M(TY= MOIM) = SX/Z(G##,5 # QK # TS( IMe1)#*(G2¢0.S}) )
Bl= ((PK/PS{ IMsl)) ##(1,/G2)=10)#2.%61
IF((1eEQ.L2+1) e ANDe(B14LE.00G)) TMAX=THMAXZ(.995
IF((I.EQ.L2+1)+AND.(Bl.LE,0.0)) GO TO 595
IF (1 +EQ. L2+1) M(I)= SQRT(B1)

SET TS» PS»y RHOs Us POs DNs R ACROSS STREAM FROM M(I)

TS(Is1)=RK/(14+0.5/G1%(M(I))#22,)

PS{I+1)=QK#({TS(Iy1))#®G2

RHO(Is1)=PS(Is1)/TS(I+1)

U(Is1)=M(I)#SQRT(G#TS(Is1))

POLIY=PS{Is1)#(1,+0.5/G1®({M(])) %2, )uuG2

Z= 2.0 7/ (RHO(IM91)RU(IMs1)+RHO(Io1)8U(Is1))

DN(IY= ON(IM) + Z # (PSI(I) = PSI(IM))

Dwl= DN(I)

Dwe= DN2 - DN(I)

IF (DWZ 'LT. 0.0) DW2= 090

R(I+1)=R1#(1.,%~DW1/DN2)*EXP (-RDECAY#DW1#ABS(RY))+R2%DW1/DN2*®
EXP (~RDECAY®#DW2%*ABS(R2))

SEARCH FOR TSA WHERE DN2~DN(N) o.EQ. 0.0

IF (J «EQe 1) DIFFA= DN2=DN(N)
IF (J «GE. 2) DIFFB= DN2=DN(N)

IF SUFFICIENTLY SMALL INTERVAL, THEN EXIT

IF (ABS(TSB-TSA) +LEe 00.0000001) GO TO 41
IF (ABS(DIFFB) .LE. 0.0001) GO 7O 41
CONTINUE
WRITE(69900) DN2+DN(N)+TSA»TSB

FORMAT (/7X922HNO CONVERGENCE DN2 =5F10s595X9THON(N) =9F10,555%

SHTSA =9F10,595X95HTSB =3F10.5/)
CONTINUE

$TH
$TH
$TH
$TH
$TH
$TH
ITH

STH
STH
ST
$TH
$TH
BTM
$TM

@ T
LD

$T™
$TM
$TM
$TM™
$TM
$TM
sTH
$TM
$TM
$TH
STM
$T™
$TM
$TM
FTH
$TH
$TM
$TM
$TM
$TH
$TM
$TH
$TM
$TH
$TH
$TM
$TM
$TM
$TM
$TM

570
580
590
600
610
620

A30

DIV

640
650
660
670
680
690
700

210
fFaU

720
730
740
750
760
770
780,
790
800
8i¢
820
R30
840
850
860
870
872
873
880
890
900
910
920
930
940
950
960
970
980
990

$TM1000
$TM1010
$TM1020
$TM1030
$TM1040
$TM1050
$TM1060
$TH1070
$TM1080
$TM1090
$TH1100
£TM1110
$TM1120
STHM1130
$THML140
$TH1150
$TH1160
$TH1170
$TM1180
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REGION FROM NOZZLE MIDDLE TO INNER DUCT WALL

PK=1 .

aK=1.

RK=1.
NPRR=NMID=1
DO 46 KK=1sNPRR

I=NMID=-KK
IM=1+1
JUMP POINT TO TERTIARY STREAM N

IF(1 LEQ, L1-1) PK=P03/P0}

IF(I .EQ, L1=1) QK = P03/P01#(T01/T703)#&G2

IFII +EQ. L1-1) RK = T03/701
SX=RK#R{IMs 1) #(PSI(I)=PSI(IM))

M{I)= MUIM) = SX/1G%®.5 # QK # TS({ IM,1)#%#(G2+0.5) )
Bl= ((PK/PS({ IMal)) #8(1,/G2)=1e)#24%G1
IFC(IEQ.L1~2)cANDG (BloLE.040)) THAX=TMAX#0.995
IF(({I.EQ,L1~1) JAND, (B1,LE.0.0)) GO TO 595

1F (I «EQ. £1-1) M(I)=SQRT(B1Y

SET TS» PSy RHOs U, POs DNs R ACROSS STREAM FROM M(D)

TS(I91)=RK/(1040.5/G1%# (M (1)) ##2,)
PS(3+1)=0K® {TS{1,1)) %862

RHO(I91)=PS(1+41)/TS(Iy1)

UCIs1)=M(I)#SQRT(G#TS(Is1))
PO(I)=PS(Is1)R11,40.5/6 % (M(1)) a8, )2uG2

Z= 2.0 7/ (RHO(IM91)%U(IMs1)+RHO(I,1)%U(Is1))

DN(I)= ON(IM) « Z # (PSI(I) =~ PSI(IM))

DWl= DON(I)

IF (DW1l +LTe 0400 DWl= 0,0 i
Dywz= DN2 -~ DNII) e
R(Iol)-Rl*(lp-DHIIDNZ)*EXP(-RDECAY*DWl“ABS(Rl))&RE“DHI/DNZ“

EXP (=RDECAY®*DW2%ABS (R2))

RETURN

CONTINUE

MAXERR= 1}

RETURN
END

"

$TM1190
$TM1200
$TM1210
$TM1220
$TM1230
$TK1240
$TM1250
$TM1260
$TM1270
$TM1280
$TM1290
$TM1300
$TM1310
$TM1320
$TM1330
$TM1340
$TM1350
$TM1360
$TM1370
$TM1373
$TM1374
$TM1380
$TM1390
$TM1400
$TM1410
$TM1420
$TM1430
$TM1440
$TM1450
$TM1460
$TM1470
$TM1480
$TM1490
$TM1500
$TM1510
$TM1520
$TM1530
$TM1540
$TM155¢0
$TM1560
$TM1570
$TM1580
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QUBROUT INE EDNY (NoNNINXsUsPSyCCeyDSsEIE19HOsVISeRe Yo
1 S4y S5+ ODEL1+DELZsDEL3+DEL49CORE]1«CORE2,CORE3)

LY -2 - Y- A2 2L g g R g 2L Rt Lt g g g gL LS g

SUBROUTINE EDDY

CALCULATES EDDY VISCOSITY VALUES = ARRAY E(N)
REQUIRED PARAMETERS:
ARRAYS OMGs RHOs VIS, Ys PSs» DSs SleesSS
VARTABLES Ns NNy Nleo.eN6s COREls COREZs CORE3
METHOD
CALCULATES REFERENCE VARIABLES (DPs DELIs DELOs
UREFI» UREFO, CC)
FOR-EACH J FROM 1 TO N
DETERMINES THE REGION BY CHECKING NleosoNS

CALCULATES EDDY VISCOSITY: EW)
P YT L YT YR AP TR AT S AR L XA S AR LS L

RFAL LZsLZRoLM

DIMENSION S1(190)+5S2(190)95S3(190)954(190) 9SS(150)+E(190)9E1(190)»
1 DS(190)sVIS{190) 4 THETA(19092)sR(190+2) 93 (159042)

2 TS(190+2) 9yRHO(19G+2) sNX(6)

DIMENSION OMG(190%s Y{(190),PS{190+2)

DOUBLE OMG(190)y Y{(190},PS(190+2)

CALCULATE REFERENCE VARIABLES

NP=(PS(1+2)=PS(1.1))/0S(1)

DELI=Y(2)=Y (1)

DELO=Y (N) =Y (NN)

UREFI=SQRT((U( 242)/DELI=DELI*DP/(2+*VIS(2))) / RHO( 2+2) ®
1 VIS( 2)

NP=(PS(Nsy2)=PS(Ns1))/DS(N)

UREFO=SART ({U(NN42) /DELO=DELO*DOP/ {2.*VIS(NN)) )/RHO(NNs2)#
1 VIS(NN))

IF (CORE1 {EO. 0.0) CC= 0.08

SCORE = COREl + CORE2 + CnRE3

DO LOOP WHICH COMPUTES EDDY VALUES E(J)
YS? DIMENSTIONLESS DIST TO WALL
LZR: CURVATURE EFFECT
RN? RICHARDSON NUMBER
DIFFERING CALCULATIONS FOR EACH REGION (NlesoN6)

DO 10 J=2sNN

JH=J=1

JP=Je+1

IF (J, «LTe NX(1) )} GO TO 20
IF (J «GTe NX(6% )} GO TO 21
IF (J +LE. NX(2) )} GO TO 30
IF (J «GEe NX(5) ) GO TO 30
IF (J +LTe NX(3) ) GO TO 29
IF (J «GT« NX(4) ) GO TO 40
GO TO 30
INNER WALL

DRN=Y (J)~Y (1)

$ED
$ED
$ED
$ED
$ED
$ED
SED
$ED
$ED
$ED
$SED
$ED
$SED
$ED
$ED
$ED
$ED
$ED
$ED
$ED
$ED
3ED
SED
$ED
$ED
$ED
SED
$ED
$ED
$ED
$ED
SED
$ED
$ED
$ED
$ED
SED
$ED
$ED
$ED
SED
$ED
$ED
SED
$ED
$ED
SED
$ED
$ED
$ED
$ED
$ED
$ED
$ED
$ED
SED
$ED
$ED

140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
2s0
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
S10
520
530
540
550
560
570

87
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ro000O"

NOOO!

e e R A PRIV SN e ..

OO0 <«

30

NOOO

25 =’

10

OO0

YS=DRN#*UREFI#RHO (J91) /VIS ()

127,419 () a=~EXP(=YS5/26.) ) #NRN

471=0.09#DEL]

nDZ"—' 1.0 - 2.0 * DRN / Y(N)

IF(SCORE.EQeD.0) AZ1=(el4~,084#DDZ#22=,06RDDZ8%4)4Y(N)#,5
LZ= LZ # 1.2

IF{LZ .GTe. AZ1) LZ= AZl

G0 YO 25

CORE REGIONS

E(NN=0.
&0 T0 10

DEL2 REGION

NX3=NX(3)

Nx2=NX(2)

LZ=CC#DEL2#® (14+,6%U(NX2,2) /U(NX3,2))
GO TOo 25

DEL3 REGION

NXS=NX(S5)

NYX&4=NX (4)

LZ=GC#DEL3®(14+.6#U(NX522) /U(NX4+2))
G0 TO 25

OUTER VALL

CONTINMUE
NRN= Y(N)=Y (D)
YS=DRN#UREFO®#RHO (J9 1) /VIS(J)
LZ=C.41% (1 o=EXP(~-YS/264) ) #DRN
4724=0.09#DELS
DD7=1.0-2.0%DRN/Y (N)
IF (SCORE<EQRe0.0) AZ4=(0s14=0,08%DD28122-0,06%DDZe%#4) Y (N)#0,5
IF(LZ «GTe AZ&) LZ=AZ4
LZ= LZ #* le2
CONT INUE
PN= 2.0 ® {(R{Jsl) /7 RHO(Us1))
PN=RN/(SS () #UIJP 1) =U{Js1) )} +S4 (I # (U(J21)=U(IMy1)))
IF (RN JLEs 0e0) LZR= LZ#(2.,0 - EXP(3.0%RN))
IF (RN +GTe 0e0) LZR= LZ#EXP(=3.04RN)
El=Y (J)=-Y{JM)
EJ=Y (JP) =Y (J)}
EK=Y (JP)Y=Y (UM)
DUY:AQS(EI“(U(JP,E)-U(JiZ))/(EK*EJ)QEJ*(U(J12)‘U(JMy2))/(EK“EI))
E(J)=DUYH#LZR#|ZR ot
CONTINUE
FE(l)= 0.0
E(N)= 0.0
RETURN
EMD

" SUBROUTINE WALLS(XWsYWeXXsYYsTyCURsNIMQ)
L 2-2-2-2-2-%-3-3-3
SUSROUTINE WALLS SMOO0THS THF BOUNDARY DATA USING A LEAST

SQUARES PROCEDURE, IT ALSO INTERPOLATES THE SMOOTHED
DATA TO GET THE CURVATURE AND SLOPE AT ANY POINT

L-2.2-2-2-2-2-2 1-2-2°4

DIMENSION XW(9932)3YW(9592)sYP(99+2) +CURV(99+2)sNNI(10+2)
YB(99,2)

$ED
$ED
$ED
SED
$ED
$ED
$ED
SED
SED
$ED
$ED
$ED
$EOD
$ED
$ED
$ED
$ED
$ED
$ED
$ED
$ED
$ED
SED
$ED
$ED
$ED
SED
$ED
$ED
SED
$ED
$ED
$ED
$ED
$ED
$ED
$ED
$ED
SED
$ED
$ED
$ED

580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
890
900
910
920
930
940
950
960
970
980
990

$ED1000
$ED1010
$ED1020
$ED1030
$ED1040
$ED1050
$ED1060
$ED1070
$ED10BO
$ED1090
$ED1100
SED1110

SWA
SWA
WA
SWA
SWA
SWA
SWA
SWA

0
10
20
30
40
50
60
70




16

17

20
30

31

40

198

60

70
71

COMMON/KURV/MST 9MSSeND I » ClIRV
1F(MN.EQ.1) M=MST
IF(MNL.EQ.2) M=MSS
IF{XX.LT«999.) GO TO 60
ti=N+M=1
MX=N
MP=M=]
NO 4 J=1.MP
JK=M=J
JK1=UKe1
NO=ND1 (JK1sMQ)~NDTI {JK9MQ) +]
nO 3 I=1,NP
K=NX+1=1I
L=K=JK
XW (KyMQ)=XW{LyMO)
YU (KeMQ)=YW (L oMQ)
NDT {JK1+MO)=NX
NX=NX=NP
DO S I=1eN
YB(IsMQ)=YW{IsMQ)
KM=]
NO 198 MP=1.M
NDA=NDI (MP»MO)
KL=NDA=KM+1
TF(KL.LT.3) GO TO 700
IF(KL.EQ.3) GO TO 30
IF(KL.EQ.4) GO TO 40
L=5
DO 20 KS=KMyNDA
IF(L.EQes) GO TO 17
CALL LSO(KSsKMsNDAsLsA19A29sA39XW{1oMQA)sYB(19MQ)T"
YU (KSsMO)=AL+A28 X1 {KS9yMQ) +AI#XW (KS e MQ) #42
YP (KSeMQ) =A2+2 ., #4834 XW (KS9MQ)
CURV (KSsMQ) ==2,#A3/ (1 ,+YP (KSoMQ) ##2) ##],5
1F (ARS(CURV(KS+M0) ) eLT+e001) CURV(KSsMQ)=0,
CONTINUE
GO TO 198
Cl1=XW{KMeMQ) =XV (KM+14MQ)
CP=XW(KMIMQ) =XW (NNAMQ)
CI=XW (KM+19MQ)=XW (NDA»MQ)
YPP=2,# (YW (KMyMQ) /C1/C2=YW(KM+1sMQ) /C1/C3+YW(NDA,MQ)/C2/C3)
PO 31 K=KMsNDA
YP(KoMQ)= (2o #XW (KaMQA)=XWINDASMQ) =XW (KM+]19+MQ) ) #YW (KM9MQ) /C1/C2
1 = (2e#XW(KsMQ) =XW(KMeMQ) =XW (NDAsMQ) ) #YW (KM+14MQ) /C1/C3

2 +(2.%XW(KoMO)=XWIKMsMO) =XW (KM+]) +MQ) ) *YW(NDAIMQ) /C2/C3

CURV(KsMQ)==2,#YPP/ (l.+YP(KsMQ) ##2)un] G
IF(ABS(CURV(KeMO) I et To0.001) CURVIKsMQ)=0o
CONTINUE

0 TO 198

L=4

CALL LSQ(KSsKMoNDAWLvAl9A29A39XW{1,MQ)»YB(1yMQ))
60 TO 16

KM=NDA+]1

RETURN

NDA=1

PO 70 I=1sM

J=NDI(IeMQ)

IF({XXeGE e XW (NDAsMD) ) s AND, (XX LEeXW(JsMQ))) GO TO 71
IF(I.EQeM) GO TO 71

NDA=J+)

JJ=J=-1

DO 72 K=NDAsJJ

WA
SWA
SWA
SWA
SWA
SWA
SWA
SWA
SWA
SWA
SWA
SWA
SWA
SWA
SWA
SWA

SWA

SWA
SWA
SWA
WA

SWA
SWA
SWA
SWA
SWA
SWA
SWA
SWA
SWA

80
90
100
110
120
130
140 .
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
S8o
590
600
610
620
630
640
650
660
670
680

89



72
73

1
1
1

700
500

1

TR ((XXeGE e XW{KoeMN)) e ANDe (XX eLE o XW{K*+1sMQ))) GO TO 73
CONTINUE
1F(K.EQ.MDA) K=NDA+1
Cl=XW(K+1,MQ)=Xw {KyMQ)
CP2=XW(K+14MQ) =Xt (K=]9MQ)
C=XWKeMO) =XW (K=]19MQ)
S1=XX=XW(K+]1sMQ)
S2=XX=XW(K+MQ)
SA=XX=XW (K=1sMQ) . .
YY=S3#S24YW (K+]1sMNR)/CLl/C2=S1uSIARYW(KIMQ)/CLl/C3+S14uS2%YHW(K=]1sM0)/
c2/C3
ClUR=S2#S3#CURV(K+19MQ) /C1/C2=S1#S3#CURV(KsMQ) /C1/C3
+S1#S2#CURV(K=19MQ) /C2/C3
T=S3#S24YP(K+1+4MQ)/C1l/C2=S1#S3*YP(KeMQ) /C1/C3+S14S2*YP(K=1+MQ)
/C2/7C3
T=ATAN(T)
RETURN
VRITE(6+900)
FORMAT (/74X +34H LFSS THAN THREE POINTS IN SEGMENT)
STOP
END
SUBROUTINE LSQ(KSsKMeNDAs| vA19A29A3+Cy8)
NIMENSION B(99)sC(99)95(2,4)
K=KS
TF((KSeEQDNDA) ;ORe (KSEQeNDA=1)) K=NDA~2
IF((KSeEQeKM) OR ¢ (KSeEQeKM#+1)) K=KMe2
IF(L.EQe&) Kz=KMe?
no S I=1,2
A0 S J=1.4
N=l-1
S(IleJ)=0.
PO 4 M=lsL
KK=K+M=3
TF(C(KK) 4EQa04) CI(KK)=1.E=06
S({IeJd)= S{I9J)+B(KK) #ENHC (KK)##{J=N)
CONTINUE
A=l
DzA#(S(142)#S5(194)=S(143)8R2)=S(1e1)#(S(1s1)%S5(1,4)=S(192)%#S(1+3)
Y+S(1e2)%(S(1e1)%S5(193)=5(],2)8%2)
Al=(S(2s1)#(S(192)8S5(194)=5(193)%##2)=5(2+2)%(S{1,L)*S(144)~
S(142)%S(193))+5(293)#(S(1+1)%S(143)=-S(192)%%2))/D
A2=(S(291)R(S(192)8S(193)=S{191)8S(194))+S(292)%(ARS(1+4)~
S(1e2)#8#2)+45(293)#(S(191)1#S5(1+2)=A%5(1+3)))/D
A3=(S(291)1%(S(191)#S(193)=S{192)28#2)=5(292)#(A#S(193)=
S(1e1)%S(192))+S(2+3)%#(A8S(1+2)~S(1s1)#%2))/D
RETURN
EMND .
SUBROUTINE SOLV(NSsNeNNIPRsPRTG).
REAL M(190)
DIMENSION S1(190)+S2(190)9S3(190)+S4(190)9S5(190),E(190)+E1(190)
DS(199) 4yVIS(190)+X(190)2Y(190)sP0(190)+H(190)

1
2 THETA(190+2)sR(190+2)sU(19092)9TS(190+2)5RHO{190+2)
3

90

A{190)+sR{190)9C(190)sD(130)
DIMENSION OMG(190)+ON(190) 4PS(190+2)
DOUBLE, OMG{190) sDN(130) 4PS(190+2)
DIMENSION PSI(180)
DOURLE PSI(190)
COMMON/INCD/ UsPSyTSaMePO+THETAIReXsYsDN
COMMON/SOLV/ S19529S39EsE19H9S4955
COMMON/INEDY/PSTIoRHOVIS
Cl.=(G=1.)/G
Co = 0.

FWA
FWA
TWA
SWA
SWaA
WA
WA
SWA
WA
SWA
WA
FWA
SWA
WA
WA
EwWA
DWA
WA
BwA
WA
WA
WA
LS
sLS
$LS
LS
$LS
LS
$LS
LS
$LS
$LS
sLS
$LS
LS
5LS
LS
$LS
LS
LS
sLS
$LS
$LS
LS
$LS
$LS
LS
5LS
§LS
$S0
$S0O
$S0
$S0
$S0
$S0
$S0
$S0
$S0
$S0
$S0
$50
$SO
$S0

690
700
710
720
730

740

750
760
770
7890
790
800
810
820

100
110
120
130
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0

413

IF(PR .EQ. o7) CO = l..

D 10 J=2+NN

Jp=J+]

Jus J=1

Yl —EI(JP)’(VIS(JP)/PR + RHO(JP91)#E(JP)/PRT)
Y2=E1(JMI®({ VIS(IMI/PR ¢ RHO{(JUMs1)#E (UM)/PRT)
Y3 =E1(J) *(VIS(J )/PR + RHO(J +1)%*E(J )/PRT)

Ya = (Y1+Y3)/S2()

1

1
2

YS =(Y3+Y2)}/53(N

Y6= Y4 /7 S1(P

YT= YS / S1{(J)

¥Y8= Y6 * UlJsl)

Y9= Y7 # UlJsl)

A(UM) = U(Js1)/DSLI) + Y8 + YO
B{uM) = -Y8
CtuM) = =YO

IF(PRNE.0.7) D(JH)=U(J’l)'*Z/DStJ)°(PS(Jv2)-PS(Jol))/DS(J)“(I./

(RHO(Js1)))

TF(PR.EQ.0.7) D(JM)=TS(Jvl)‘U(Jol)/DS(J)O(CL“U(Jol)/(RHO(Jvl)))
8 (PS(Js2)=PS(Js1))/DS(J)+RHO(Je 1) #CL*(VIS(J) ¢RHO(Js 1) *E(J) ) # (U

(Jo1) %428 (SS(N®(UIJIP92)=U(J92))¢S4(JIM(U(J92)=U(IM92))) ) 802
CONTINUE
A(l) =A(l) + CO#C(1)
A(N-2) = A(N=2) + CO*B(N=-?)
CALL CALC(AsBsCsDsHN)
PETURN
EnND
SURROUTINE CALC(A¢BsCsDsHs )

NIMENSION A(190)+8(190)9C(190)9sD(190) W (190)9+G(190)sH(190)+Q(150)

M2 = J=2

Ml= =2

w(l) = A(1l)
G(1) = D(l1)/W(])
Dn 1 'K = 2sN2

Kl = K=1

N(K1) = R(K1)/W(Kl)

WK) = A(K)=C(K)*Q(K]1)

G(K) = ( D(K)=C(K)*G(K1))/W(K)
HIN2) = G(N2)

N3 =J=3

N0 2 K = 1sN3

KK = N2=K

H(KK) = G(KK) =QIKK)*H{KK+])
RPETURN
EnND

SUBRQUTINE DSMOVE (XWeYWeXX9eYYsDSXs THETAsRReNPAIR,J)

(222 T2 L2222 2 22 221222202 122212 2T R a el yyyy

SUBROUTINE DSMOVE
FINDS NEW X VALUE AT A GIVEN DISTANCE DSX ALONG wALL SURFACE
METHOD:

GUESSES VALUES OF DX UNTIL (DSX = DS COMPUTED) = 0.0

LIRS 2 L2 P AL Z Rl  d Tl syl )

PNIMENSION XW(9942) ¢« YW(95s?2)

APPROXIMATE POINT X(N)s Y(N)
AT DISTANCE NDS(IN) ALONG UPPER WALL
(TWO METHODS OF APPROXIMATINGs DEPENDING ON R1)

$S0

$5S0
$S0
£50
$50
$50
£50
$S0
$S0
$50
$S0
$50
$S0
$S0O
$50
$SO
$S0
$S0
$50
$S0
$S0
$S0
$S0
$S0
$50
$50
$50
$50
$CA
$CA
$CA
$CA
£CA
$CA
$CA
$CA
$CA
$CA
$CA
$CA
$CA
$CA
$CA
$CA
$CA
$CA
$DS
$0S
$DS
DS
$D0S
$DS
$DS
$0S
DS
$DS
$DS
$DS
$0S
$DS
$0S

140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330

150
160
170

10
20
30
40
S0
60
70
80
90
100
110
120
130
140

91



510
900
s12

S00

OO0 NOOOOO00

92

1

DXSTAR= DSX # A8S5(COS(THETA))

XSTAR= DXSTAR + XX

CALL WALLS(XWsYW, XSTARy YSTARs TSTARe RSTARSNPAIRy J)
NDSTAR= DSX = CURVDUS(DXSTARs RReRSTARy THETASTSTARSYYsYSTAR)
NnXB= DSX #* ABS(CNS{(THETA + TSTAR)#0,5))

XB= DXB + XX

CALL WALLS(XWsYW.XBes YBy TBe RBy NPAIRy J)

DDIFFB= DSX = CURVDS(DXB, RRy RBy THETAs TBsYYs YB)
No 510 I=1.+50

1F (ABS(DDIFFB=-DDSTAR) +LF. 0.1 #*#8) GO TO 512
NxB=(DDIFFB#DXSTAR = DDSTAR®#DXB) / (DDIFFB=-DDSTAR)

IF (DXB .LT. 0.0) DXB= DXSTAR # p.l

X8= DXB + XX

CALL WALLS(XWe YWe XBs YBy TBs RBs NPAIRy J)

NDIFFB= DSX = CURVDS(DXBs RRe RBs THETAs TBsYY, YB)

CHECK FOR TERMINATION

IF (ABS(XB~XSTAR)+LE. 0.1 #%6) GO TO Sl2
1F (ARS(DDIFFB) LLEes 0ol =% 7) GO TO S12

CONTINUE

WRITE(6+900) XRs DDIFFB

FORMAT (/7X+21HNO CONVERGENCE DSMOVE+SXe4HXB =F10.,49S5X+8HDDIFFB =)

F10e57)

CONTINUE

XXz X8

RETURN
EMD

PEAL FUNCTION CURVDS(DXsRAsRBsTAsTRsYA»YB)

1F (ABS(TA-TB) JLE. 0.0001) GO TO s00

DR= ABS(RA+RB)

IF (DR «LE. 0.92 ) GO TO 500

CURVDS= (2.0/DR) ® ABS{TR=-TA)

RETURN

CURVDS= SQRT(DX ®## 2 + (ABS(YB=YA)w##2) )
RETURN

EnD

SUBROUTINE LOOK(NsNNeK3I9NCOREIDEL] sDEL2DEL3+DELS
CORE1+CORE2+CORE3y NXs POs DNs Us DIPy NMAX)
F A Ny

SUBROUTINE LOOK

CALCULATES
EDGES OF POTENTIAL FLOWS = Nl,.. N&
WIDTH OF FLOWS - DELl, DEL2s DEL3s DELG
WIDTH OF CORFS = CORFl+ COREZ2, CORE3
REQUIRED PARAMETERS:
ARRAYS DNs PO
VARIABLES Ny NNe NSTEPy K3y P0ly P02y PO3
METHOD
CALCULATES TOLERANCES TOLls TOL2, TOL3, TOL4
CALCULATES ARRAY DIP =~ RATE OF CHANGE OF PO

FOR EACH J FROM 2 TO NN
SCAN ARRAY DIP(D
FOR REGTON WHERE DIP GT TOLERANCE
SET FLOW REGION EDGE NX
SEY FLOW REGION WIDTH DELX
FOR REGION WHERE DIP(J) LT TOLERANCE
SET FLOW REGION EDGE NX

COMPUTE CORF REGION AREA COREX
XS ITR TS TLTL LI AL 2R 2SI TEL TR TR ET TN T T LTI YTy s

%0s
$DS
$DS
$DS
$DS
$DS
$DS
$DS

£DS
$DS
$DS
$DS
$DS
$DS
$DS
$DS
$DS
%0S
$DS
$DS
$0S
$DS
$0S
$0S
$DS
$0S
$DS
§0S
$CU
$CU
sCU
$CU
$CU
$CU
$CuU
$CU
$CU
SLO
$LO
$LO
SLO
$LO
$LO
SLO
sLO
$LO
$LO
5LO
5LO
$LO
$LO
$LO
$Lo
sLO
3LO
$LO
$LO
$LO
$LO
sLO
$LO
$LO

150
160
170
180
130
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
330
390
400
410
420
430

10
20
30
40
So
60
70
80

10
20
30

50
60

80

90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240



[z Xe Xe BN e}

Oo00n

11

QOO

69
62

OO0

70
72

75
77

102

DIMENSION X{(190)sY(190)+sU(19042)sDIP(190) ¢+NX(6)sP0(190)+H(190)
DIMENSION DN(190)

POURLE DN(190)

COMMON/CONST/ PO1+P0O2sP)3s TO19T029T03s X1s XCy YC

SFT TOLERANCES

ToL1=0.01#P03/70M(N) /7 Pol
TOL2=0.01#(P01-P0)/ON(N) /7 POl
TOL3= 0.01*(P01-P02)/DN(N) / POl
ToLe= 0.01%P02/NN(N) /7 POl
IF(K3.EQ.0)CORE3=0+

THIS LOOP FINDS A VALUE FOR NMAX

DO 11 J=2sN
DIP(N=(PO(J}=PO(U=1) )/ (DON(J)=DN(J=1)})
DIP(J)= ABS(DIP(J))
CONT INUE

NMAX=1

N0 12 J=24N

IF (U(J92) 6T, U(NMAXs2) ) NMAX= J
CONTINUE

THIS LOOP COMPUTES EDGE VALUES FOR THE PRIMARY,, SECONDARY
AND TERTIARY POTENTIAL FLOWS
TERTIARY FLOW REGION

nO S50 I=2+N

1F  (DIP(I) LT, TOLl) GO TO S2
CONTINUE

CONTINUE

NX(1)=  I-l

SECONDARY FLOW REGION

N0 60 M=2sN

f= N + (2=M)

IF (DIP(I) LT, TOL4) GO TO 62
CONTINUE

-CONT INUE

MX(6)Y= 1

IF (NX(1) «GTe NX(2) ) CORE3= 0.
IF (NX(6) LT NX(S) ) CORE2= 0.
1F (CORE3 .EQ. 0,0) GO To 102

TERTIARY CORE REGION

NPRR=NX (1) +1

DO 70 I=NPRRsN

IF (DIP(I) .6T. TOL2) GO TO 72
CONT JNUE

CONT INUE

NX(2)=  1-1

NPRR=NX (2) +1

N0 75 I=NPRReN

IF (DIP(I) LT, TOL2) GO TO 77
CONT INUE

CONT INUE

NX(31=  T-l

CONTINUE

IF (CORE2 .EQ. 0.,0) GO To 101

&LO
$LO
sLO
$LO
$LO
sLO
$LO
$LO
SLO
$LO
fLO
$LO
sLO
3LO
s$LO
$LO

sLO

sLO0
$LO
$LO
$LO
$LO
$LO
$LO
$LO
$LO
sLO
$LO
$LO
$LO
sLO
$LO
$LO
$LO
$LO
3LO
$LO
$LO
$LO
$LO
$LO
$LO
§LO
$LO
$LO
5LO
$LO
5LO
FLO
$LO
$LO
%LO
$LO
5L0
$LO
$LO
$LO
$LO
sLO
$LO
$LO
SLO
$LO

250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
870

93



aooaa

80
82

8BS
88

1¢1

130
132

120

135
137

140

—
(=]

OO OO O

[¢)]
-
o

S0

94

SECONDARY CORE REGION

MPRR=NX(6)
nO 80 M=2+NPRR
= NX(6) + (2=M)
IF (DIP(I) «.GT. TOL3) GO TO 82
CONT INUE
CONT INUE
NX(5)Y= 1
MPRR=NX(5)
N0 85 M=24NPRR
1= NX(S) + (2=M)
IF (DIP(I) 4LT. TOL3) GO TO BR8
CONTINUE
CONTINUE
NX(4)= 1
CONTINUE

CHECK IF PRIMARY CORE EXISTS

IF {COREl ,EQ. 0.0) GO To 110
IF (CORE3 «NE. 0,0) GO To 120
PO 130 1I=29N

IF (DIP(I) .LT. 7TOL2) GO TO 132
CONTINUE

CONTINUE

NX(3)= I-]

CONTINUE

IF (CORE2 +NE. 0.,0) GO To 140
N0 135 M=2sN

I= N + (P2=M)

IF (DIP(I) +LT. TOL3) GO TO 137
CONTINUE

CONTINUE

MX(ar= 1

CONTINUE

IF (NX{3) +GE. NX(4) ) CORE1=0.0
CONTINUE

CHECK VALUES OF *» COREls CORE2, CORE3
NMAX IS MAXIMUM U{ ) VALUE

IF (COREl «NEe. 0.0 )} GO TO 670
CoREl = 0.0
NX {3)=NMAX

NX (4) =NMAX
IF (CORE3 NE. 0.0) GO TO 680

CORE3 = 0.0

NX (1)=NX{3)
N¥ (2)=NX(3)
IF (COREZ2 «NEe. 0.0) GO TO 90

CnRE2 = 0.0

NX (5)=NX(4)
Nx (6)=NX(4)
CONTINUE

NX1=NX(1)

SLO 880
SLO 890
SLO 900
$LO 910
$LO 920
$LO 930
$LO 940
$LO. 950
$LO 960
$LO 970
$LO 980
SLO 990
$L01000
$L01010
$L01020
$L01030
$L01040
$L01050
$L01060
$L01070
$L01080
$L01090
$L01100
$LO1110
$L01120
$LO1130
$LO1140
$L01150
$L01160
$L01170
$L01180
$L01190
$L01200
$L01210
$L01220
$L01230
$L01240
$L01250
$.01260
$L.01270
$L01280
$L01290
$L01300
$L01310
$L01320
$L01330
$L01340
$L.01350
$L01360
$L01370
$L01380
$L01390
$L01400
$LO1410
$L01420
$L01430
$L01440
$L01450
$L01460
$L01470
$.01480
$L01490



Nx2=NX(2)
Nx3=NX(3)
NX4=NX(4)
NXS=NX(5)
NX&=NX (6)
CORE1=DN(NX4)=DN(NX3)
CNRE2=DN(NX6) ~DN (NXS)
CNRE3=DN (NX2) =DN(NX1)

DEL1=DN(NX1)

OQOOOOONNOOO

1

2]

S0

S2

1

00

¢

DFL3=DN(NX5)=DN (NXx&)
DEL2=DN(NX3)=DN(NX2)
DEL4=DN{N)~DN(NX6)

IF ((CORE1+EQe0¢) oAND+ (CORE2+EQe0e) sANDe (CORE3+EQ,0.)) NCORE= 0

RFTURN
END
SUBROUTINE CORDS(NsXeYsTHETA»UsRHO9PSIsDNeNDUCT,,DDIST)

FET XTI ISR RSS2 2R LYY L)

SUBROUTINE CORDS
CALCULATES
DISTANCE RETWEEN STREAM LINES (ARRAY DN)
DRAWS ARCS FROM TOP AND BOTTOM WALL TO MIDDLE OF DUCT

COMPARES Y COORD OF ROTH ARCS AT MIDDLE POINT
Py Y Y T Y I T T YTy T T e Y Ty Y )

REAL M(190)
DIMENSION X(190)yY(190)sP0(190YsH(190) s THETA(19092) sR(190+2)
U(190+2)3TS(190+2) sRHO(190+2)
DIMENSTON OMG (1901 sDN(190)
DOUBLE OMG(190) »DN(190)
DIMENSION PSI(180)
POURLE PSI(199)

PN(L) = 0.
DO 2 J=2«N
Ju=J=-1

7=22./7(RHO(UM»2) 23 (UM92) +RHO(J92) *U(Js2))
ON(J)=  DN(JUM) + 2 ® (PSI(J) - PSI(JM))
CONTINUE

DO S0 J=2:NDUCT

JM=J=-1

X(Jy= X{(IM)=(DN(J)=DN(IM)I®SIN(THETA(Js»2))
Y(J)= Y(JM)+(DN(J)=DN(JM)I#COS(THETA(JU»2})
CONT INUE

NPAR=NDUCT+]

NPARR=N=1

NO 52 MM=NPARNPARR

J=N=MM+NDUCT

IM=J+1

X(JY= X(JMI=(DN(J)=DN(IM) VY 4SIN(THETA(Js2))
Y(J)= Y(IM)+(DN(J)=DN(IM))®COS(THETA(Js2))
CONTINUE

YCOMP= Y (NDUCT+1) ¢+ (DN(NDUCT) = DN(NDUCT+1)} # COS(THETA(Js2))

NDIST= (Y(NDUCT)Y = YCOMP) / DN(N)
RETURN
END

SUBROUTINE REMOVE (NsNNsNGRIDsNXsNMAX9sOMG3S1952+539549S59DSsVISe

DNeXoYsMsPOsHs THETAIRIPS,Us TS»RHO)

(222132232222 R R 2222222222y i sy sy

SUBROUTINE REMOVEPTS

$L01500
$LO1510
$L01520
$L01530
$L01540
$L.01550
$L01560
$L01570
$L01580
$L.01590
$1.01600
$L01610
$L01620
$L01630
$L01640
$L01650

$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
5CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$CO
$Co
$CO
$CO
$CO
$RE
SRE
$RE
$RE
$RE

0
10
20
30

140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
3%0
0
10
20
30
40
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REMOVES GRID POINTS AS PROGRAM ITERATES
(TO REDUCE COMPUTING TIME)
REFQUIRED PARAMETEPS?
Me NGRIDs ARFRAY U(90)
(ALL OTHER ARRAYS)
METHOD
FOR EVERY TENTH NSTEP
SCANS ARRAY U
IF (U(E=1) = U(I) 7 U(I) ) LESS THAN TOLERANCE»
THEN GRID PNINT IS REMOVED
CORE REGIONS ARE NOT SCANNED
ARRAYS COPIED ARE (OMG9S1952¢5395495S59DSeVISeDNeXsY9sMePOsHo
THETASRePSsUe TSeRHO)
SRR NEBRBRBBRRRBERR NN FRBRBIRRP U RN

REAL M(190)
DIMENSION S1(190)+5S2(190)9S3(190)9S4(190)955(190),E(190)9E1(190),

DS(190)4,VIS(190)4X(190)eY(190)sPO(190)+H(190)
THETA(190+2)9R(190+2)9U(19092)9TS(190+2)9RHO(190+2)
NXSAVE (K) +NX (6)

DIMENSION OMG(190)sDN(190),PS(190+2)

DNUBLE OMG(199) sDN(190) ,PS(19092)

NGRID= NGRIDe]

IF (NGRID oLTe 10) RETURN

NGRID= O

no 300 I=14+6

NXSAVE (I)= NX(I)

CONTINUE

J= 1

DO 24 I=24N

W N -

DO NOT REMOVE GRID POINTS FROM CORE REGIONS

IF ((1.6Te (NXSAVE(1)=3)) .ANDe (I.LE.(NXSAVE(2)+3))) GO TO 51
IF ((J.6Te (NXSAVE(3)=3)) ANDs (I.,LE.(NXSAVE(4)+3))) GO TO 51
IF ((1.GT+ (NXSAVE(S5)=3)) LANDe (I.LE,(NXSAVE(6)+3))) GO TO 51
IF (1 .EQ. N) GO TO S1
UrR=z ABS((U(I+2) = U(J92)) 7 U(1:2))

DNN= ABS( (DON(I) = DN(JY ) / DN(N) )

IF  ( (UR «LTe 0.,02)eANDe (DNN LT, 0.015)) GO TOo 50

GO TO STATEMENT Sp WILL REMOVE GRID POINT

J= J ¢ 1

OMG(J) = OMG(I)
DS(J) = DS(I)
VIS{J) = VIS(I)
Dn(J) = DNUID)

X(J) = X(D
Y(J) = Y(I)
McJ) = M(T)
PO(JY = POLD)
H(J) = HII)

THETA(Je2) = THETA(I®2)

RtJs2) = R(I+2)

PS(Je2) = PS(1,2)

UtJe2) = U(le2)

TS(Je2) = TS(1+2)

RHO(J92) = RHO(Is?2)
IF (NX(1) LEQ. IV NX(1)
IF (NX(2) +EQ., I) NX(2)
TE (NX(3) <EQe IV NXU(3)

nuu
[ Sy 2

$RE
SRE
$RE
$RE
$RE
$RE
$RE
$RE
$RE
$RE
SRE
$RE
$RE
$RE
$RE
$RE
$RE
$RE
$RE
$RE
$RE
$RE
$RE
$RE
$RE
$RE
$RE
SRE
$RE
$RE
$RE
$RE
$RE
SRE
$RE
$RE
$RE
$RE
$RE
SRE
$RE
$RE
$RE
$RE
$RE
SRE
$RE
$RE
$RE
$RE
$RE
$RE
$RE
$RE
$RE
$RE
SRE
$RE
$RE
$RE
SRE
$RE
$RE

190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
4790
480
490
500
510
520
530
540
550
560

580
590
600
610
620
630
640
650
660
670



350

320

(e XeXg)

300
900

(2 e NeNeNoXsNeNoXe]

O O00O00O000O0O0

500
c

1

G0 TO 320

CONT INUE

XXA=XX

NRCA=DORC

IF(FW*DRC «GT.0+0) DRCB= DRCA®*0.5
CONTINUE

Fw= DRC

CHECK FOR TERMINATION

IF (ABS{XXB=XXA) (LFEe. l.,E=6) GO TO 310
IF(ARS(DRC) .LEe¢ l.E=9 )} GO TO 310
CONT INUE
WRITE(6,900)
FORMAT(/7X93SHNO CONVERGENCE IN FINDING XC AND YC/)
CONTINUE
RETURN
END
PEAL FUNCTION CEMTRE (XNOZ,YNOZsMNOZ9sBNOZsXXsRCoXWsYWsNPAIRsJ)

GRERBBEBRVAAABRRA SRR ERLBRERRRRBBRRRRNRS

FUNCTION CENTRFE

AIDS IN FINDING A SUITABLE TANGENT TO UPPER wALL
GIVEN XNOZs XX ~ PROJECTS TWO TANGENTS

FINDS INTERSECTION XC, YC

RETURNS nIFFFRENCE BETWEEN LENGTH OF RADIUS
P Ry Y Ty T L YT I st

REAL MNOZ» MM
DIMENSION XW(99+42)9YW(9G+2)

DIST(XXsYY9sXXCsYYC)=SQRT ((ABS{(XX=XXC)##2) ¢+ (ABS(YY=YYC)##&2))
CALL WALLS(XWsYWsXXsYYsTToRRINPAIR,J)

M= TAN(TT)

AR=  YY = (MM® XX)

IF (ASS(MNOZ~MM) <GT. 0400001) XC= (BB=BNGZ) / (MNOZ=MM)
IF (ABS(MNOZ~MM) oLE. 0400001) XC= (XNOZ+XX) * 0.5

YC= MNOZ#*XC + BNOZ

RC= DIST(XNOZ+YNOZ9sXC»YC)

CENTRE= OIST(XNOZ+YNOZsXCoYC) = DIST(XXsYYyXCoYC)

RETURN
EnD

SUBROUTINE OMGSET (OMGeJSTART 9 JFINe JSTSER 9 JFNSER+DMST +DMFN9DMMID

RSTyRFIN)

(22X 222222222222 222 22222 2 222 2 2 X 22 R0 % 2R 2 Ll

SUBROUTINE OMGSET
SETS OMG DISTRIBUTION ARRAY OMG
FOR EACH CORE REGIUNs OMGS ARE CONSTANT IN MIDODLF
) CLOSE TOGETHER AT EDGES
OMG (USTART) AND OMG (JFIN) MUST ALREADY BE SPECIFIED

(22222222 2222222 X2 2 22223 2% Y12y ey sy}

DIMENSTION OMG(190)
DOUBLE OMG (190)
JCONST=  JUSTART + JUSTSER + 1
NMG (JCONST)I= OMGIJSTART) < DMMID
NPRR=JCONST+1
NPRRR=JF IN=JFNSER~1
DO 500 J=NMPRRINPRRR
OMG{J)=0MG(J=-1) +DMMID
SOLVE FOR RST IN SERIES A+AR+AR®#2¢,,,
XAz 1.5
FXA= SERIES(DMMIDyDMSTsJSTSERsXA)

$AR
$AR
$AR
$AR
$AR
$AR
$SAR
$AR
$AR
$AR
$AR
SAR
$AR
$AR
$AR
$AR
$AR
$AR
$CE
$CE
$CE
$CE
$CE
$CE
$CE
$CE
$CE
$CE
$CE
$CE
$CE
$CE
$CE
$CE
sCE
$CE
$CE
$CE
$CE
$CE
$CE
$OM
$SOM
$OM
SOM
$0OM
$0M
SOM
$OM
$0M
$OM
$OM
$0M
$0M
$OM
SOM
$0M
$OM
$OM
SOM
$O0M
SOM
$OM

450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
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200
210
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IF (NX{4) «EQe I) NX(4)
IF (NX(S) +EQ. IV NX(S)
IF (MX(6) +EQs IV NX(6)
IF (NMAX +EQ. I) NMAX= J

Huaa
cee

CONT INUE

Na J

NN = N = 1

No 20 J=2sNN
JP= U+l

JM= -l

S1(J) = OMG(JP) ~ OMG(JM)

S2(J)= OMG(JUP) - OMG(J}

S3(J)= OMG(J) = OMG(JUM)

salJ)= S2(J) 7 S3WJ) 7 S1W))

SS(Jy= S3() 7 s2(J) / S1())

CONTINUE
RETURN
E»D

SUBROUTINE ARCDIS(XNOZsYNOZsTNOZsXXsRCoXWsYWsNPAIRsJ)

YT T YR T YT XY T Y T T YT T Y T T Ty y Y
SUBROUTINE ARCDIS
FINDS XX (ON WALL SPECIFIED) SUCH THAT

ARC RADIUS RC IS TANGENT AT XX

AND PASSES THROUGH NOZZLE AT ANGLE TNOZ

BRHBBRRNBGARRBRLBRARR R REIRBRRRBRRRRTRRRRRRRERRRRRE

FIND EQUATION OF LINE TANGENT TO X1

REAL MNOZ
DIMENSION XW(9942)9YW(9992)
BISTIXXsYYoXXCoYYC)=SART ( (ABS (XX=XXC)##2)+ (ABS(YY=YYC)##2))

MNOZ= TAN(TNOZ)
ANOZ= YNOZ - MNOZ ‘* XNOZ

CHOOPPING TECHNIQUE TO FIND CENTRE (X2A) +LT. 0.0
AND CENTRE(X28) «6GTe 0.0

DO 200 K =1sNPAIR

XXB= XW(KsJ)

NRCB= CENTRE(XNQOZsYNOZyMNOZ+sBNOZs XXBsRCoXWeYWsNPAIRsJ)
IF (DRCB «GTs 0,0) GO TO 210

CONTINUE

CONT INUE

XXA=  XW(K=29J)

NRCA= CENTRE(XNOZsYNOZsMNOZ yBNOZ 9 XXAsRCoXWsYWsNPAIRYJ)

FW=  DRCA_
MODIFIED REGULA FALSI ALGORITHM
PO 300 K=1+50

GUESS NEW X2

XX= ({DRCR#XXA = DRCA#XXB) / (DRCB«DRCA)
NDRC= CENTRE(XNO7sYNOZsMNOZsyBNOZsXX9sRCrXWsYWsNPAIRsJ)

CHANGE APPROPRIATE ENDPOINT TO MIDPOINT

IF (DRCA®DRC .GT.0.0) GO TO 350
XXB= XX

NRCB= DRC

IF (FW#DRCeGTe 0.0) DRCA=DRCA®,5

$RE
SRE
$RE
$RE
$RE
$RE
$RE
$RE
$RE
$RE
SRE
SRE
$RE
$SRE
SRE
$RE
$RE
SRE
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
SAR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
FAR
$AR
$AR
BAR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR
$AR

680
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
850

10

20

30

40

S0

60

70

a0

90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440



o000

505

900
S10

Oo0no

525
901
520
550
560

XR= 1,3
FXB= SERIES(OMMID,DMSTsJSTSERXB)
NO S05 J=1+50

XB= (FXB#XA = FXA®#XB)/ (FXB=FXA)
IF (XB «GTe 2.0) XR= 2.0
FXB= SERIES (DMMID+DMST s+ JSTSER s XB)

CHECK FOR TERMINATION

IF (ABS(FXB) .LE. 1.E=~04) GO TO 510
CONTINUE

WRITE (699000 JSTART

FORMAT (/7X922HNO SOLUTION  JUSTART =,15/)
CONTINUE

RST= XB

SOLVE FOR RFIN IN SERIES

XA= 1.5
FXxA= SERIES(DMMID,DMFNsJFNSERsXA)
xB= 1.3

FxB= SERIES(DMMTIDyDMFN+JFNSERXB)
NPo 525 J=1+50

XB= (FXB®*XA = FXA®#XB) / (FXB-FXA)
IF (XB «GTe 2.0) XB8= 2.0

FXB= SERIES(DMMTO+DMFN9»JFNSER»XB)

CHECK FOR TERMINATION

1F (ABS(FXB) J.LE. le€E=04 ) GO TO S20
CONTINUE

WRITE(69901) JFIN

FORMAT (/7X+20HNO SOLUTION JFIN =,15/)

CONTINUE

RFIN= XB

NO S50 J=1+JSTSER

OMG (JUSTART+U) = OMG(JUSTART+J=1) ¢ DMST # (RST##({J~1))
N0 S60 J=1+JFNSEP

OMG (JF IN=-U) = OMG (JFIN=Je1) = DMFN #* (RFIN®*%(J=]))
RETURN .
END

PEAL FUNCTION SERIES(SUMsAsNsRY

1F (R oNE. 140) SERIES= (R*#(N+1)=1,0) 7/ (R=1,0) = (SUM/A)
1F (R +EQe 1.0) SERIES= N+1 ~ (SuM/a)

RETURN
(A ¥»}

$SE

$SE

220
230
240
250
260
270
280
290
300
310
320
330
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350
360
370
380
390
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Table 1

Mixing Section Dimensions

(Inches)
LOWER WALL UPPLR WALL
J X Y cury X . Y CURV
1 -6.00C0 ~4.,1028 119797 T T T TTT=e3,/3270 7 6.0206 ~.03137
2 -5.9500 -4, [ 26F .12608 -3.,3009 5.7680 - ~e 34041
3 -5,9000 ~3.9523 13277 =3,2500 _  5.3572 ~.06887
i =5 .5000 =3.4324 17553 T=3.12507 L7764 - -+11339
5 -5.,0000 -2.9342 $2160G7 -3,006G2 4,3353 ~213194
6 -4,5300 ~2.5697 «22500 -2.7500 3.8304 -+17358
7 =4,0700 =2.2988 22416 T TR 5008 T T3 kUl - 200y
8 ~3.53080 -2.1047 18402 -2.250G0 3.0653 -+17665
9 -3.,000¢C ~1.9628 «158539 -2.C000 2.77065 -4 16650
i0 ~2.5000 -1.8837 .13304 -1.5000 2.2963 -.18636
11 ~-2.3500 -1.,8403 14003 -1.0003 1.9315 ~.20381
12 -2.312% -1.8349 14075 ~.5000 1.6544 -.20305
13" <Z2.3125 =1.8390 . 0d0800 LCO0C0 7 TTTLILL4Y ~.21235
14 -2.0000 -1.7783 .00000 5000 1.2971 -.21607
15 -1.000¢0 -1,5840 .00000 « 6250 1.2689 -.22019
16 ] =1.3897 . 000600 L7500 iV 2ual =.22389"
17 «7509 -1.2440 .0C000 7500 1.2443 -.08962
18 7500 -1,2443 .089€2 +.B80L0 1.,235% -.(8984
719 T w800 TT=1.235C .08384 8500 1.22606 -. 09007
20 «8500 -1.2260 .09007 1.0000 1.2009 -.07313
21 1.0000 -1,2009 07313 1.5000 1.1298 -.07108
TRZT T 1.80007 T=101i298 07108 2 0000 T 1.7 = 36684
23 2.0030 -1.0773 0666 2.5030 1.0423 ~.05432
24 2.500¢0 -1.0423 05432 3,0000 1.0235 -+ 04063
25 30700 =1.020% JONUES 3.4000 1.0095 ~ 1571
26 3.4300 -1.,009¢ .01971 3.4500 1.,0082 -.01971
27 3.4500 -1.,0082 01971 3.5000 1.0169 -+01971
Y4 3.5000 =-1.0789 L01971 T 3.5000 L6570 L 00G00
29 3.,5000 -1,0070 «00000 L,0000 9984 -00000
30 4.0903 -.9984 .00000 5.0000 . 9811 00000
3L 5.G000 =.9811 L07007 6.0007 29639 L0000
32 £.0030 -.9639 .00000 7.0003 + 9466 <0030
33 7.00C¢ -+ 9L6E 00003 7.5€¢09 +93890 60000
34 7.5003 =.93a¢0 00070 775000 293837 C006TIT
35 7.59¢C0 -.9380 .000092 8,00430 .9380 . 00000
36 8.0000 -.9380 .03€02 9.0000 «9389 + 00000
37 9,03T0 =. 9380 L.oLo00 IT.T0GO 29337 00000
38 10.0000 -49380 .07000 ‘10.5800 .9380 « 00000
39 10,.506CG -.9380 00000 16,5000 .93840 + 00000
TRU T 10,5700 =< 9340 .0J0TD 11,0000 29842 < 00000
4l 11.,000¢C -.9642 .00000 12,0000 1.0166 «00000
42 12.0000 -1. 01686 .03000 14,0000 1.1214 «00000
43 1L, 0J00 =1.121% LD20T0 1E. 000D 1.2262 00000
44 16,0000 -1.2262 00033 18.0000 1.3319 «30000
45 18.0000 -1.,3310 .05000 29,0000 1.4358 «00000
46 2050000 <1.%358 00000 22,0060 1.5436 <0T000
47 22.0030 -1, 54086 00089 23.060G0 1.5930 «00000

101



102

Table 2

Variation of Individual Integrated Traverse Mass

Flows for Each Test Run

Run

Variationof Integrated Taverse
Mass Flow Rate Around An

Number of

Average Va;ue Traverses
i ~4.1%, +7.3% 4
2 -3.1%, +5.1% 10
3 -2.1%, +2.2% 4
4 ~3.7%, +5.9% 4
> ~2.7%, +3.7% 4
6 -1.6%, +3.0% 3
7 ~3.5%, +4.6% 5
8 ~3.4%, +3.5% 5
Average -3.0%, +4.4%




€0t

Table 3

Traverse Locations and Data Summary

Maximum Flow - Atmospheric Discharge

Reduced Flow ~ Back Pressure at Discharge

Test Number 2 ! 3 | 6 7 i 1 4 i 5 8
Nozzle Position (See Fig. 3) 1 2 3 4 | 1 2 3 4
Nozzle Angle 22.5° 45° 45° 67.5° 22.5° 45° 45° 67.5°
Nozzle meter 0.020 0.020 0.034 0.018 0.020 0.020 0.034 0.018
Spacing inch 0.80 0.80 1.32 0.70 0.80 0.80 1.32 0.70
Traverse Location +
s = -0.070 meters, - 2,75 inches P
max max
s = ~-0.024 meters, - 0.95 inches P P P, P P , P
! max max max max max max
x = +0.013 meters, + 0.50 inches P TP P
max max max max max max max max
x = +0.038 meters, + 1.50 inches
max max max
x = +0.064 meters, + 2.50 inches
x = +0.114 meters, + 4.50 inches U, P u, P U, P , , U, P R ,
max max max max max max max max
x = +0.165 meters, + 6.50 inches U, P , U, , P .
max max max max max
x = +0.254 meters, +10.00 inches u, Pmax
x = +0.318 meters, +12.50 inches u, P U, P , U, P U, P U, P U, P
max max max max max max max
x = +0.419 meters, +16.50 inches u, Pmax
x = H0.521 meters, +20.50 inches u, P u, P u, P , P u, P U, P U, P u, P
max max max max max max max max
Axial Wall Static Pressure Profiles (Figures 16 to 19)
= Vertical Total Pressure Profile (Figures 21 and 22)
max - Maximum Pressure Location (Figures 23 to 30)

Vertical Velocity Profile (Figures 31 to 38)
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Table 4

Summary of Experimental Test Conditions and Flow Rates

Nozzle Throat Area = .9688 in2
Mixing Section Throat Size = 1,875 inch
Nozzle Pressure = 36.70 psia (constant)
Measured Mixing Secondary
Nozzle Nozzle Barometric Atmospheric Nozzle Section Flow

Temp Throat Pressure Temp Flow Rate Flow Rate Flow
Run °R Coefficient in Hg °R 1b/(sec~in) | 1b/(sec-in) | 1b/(sec-in) Ratio
No Ty Cy P T, Wy W W, W /wN
1 556 .959 30.02 527 .0967 .4995 .4028 4.17
2 575 .966 29.96 540 .0952 L4332 .3380 3.55
3 564 .961 29.89 536 .0952 L4627 .3675 3.86
4 561 .957 29.91 536 .0955 .5238 .4283 4.48
5 576 .959 30.16 544 .0889 .5208 L4319 4.86
6 561 .959 30.00 545 .0958 L4220 .3262 3.41
7 576 .960 30.13 543 .0955 .4390 .3435 3.60
8 582 .954 30.04 548 .0932 .5242 .4310 4.62

g
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Table 5

Comparison of Experimental and Analytical Mass Flow Rates
Mixing Mixing Percent Analytical Comparison Comparison
Section Section Difference Mass Flow of of
R Mass Flow Mass Flow in for Best Traverse to Orifice to
Ngn Rate From Rate From Measured Static Pressure Analytical Analytical
) Traverse Data Orifice Data Data Match Mass Flow Mass Flow
1b/ (sec-m) 1b/ (sec~in) @Q-® 1b/(sec-m) Q-6 @-G
1 .4995 - - .4905 1 + 1.8% -
2 .4332 L3776 + 12.8% .4086 } + 5.7% - 8.2%
3 L4627 .3954 + 14.5% L4175 + 9.8% - 5.6%
4 .5238 - - L4930 + 5.9% -
5 .5208 - - .5100 + 2.1% -
6 L4220 .3886 + 7.9% L4117 + 2.4% - 5.9%
) -7. .4390 .3846 + 12.4% .3960 + 9.8% - 3.0%
8 .5242 - - . 4840 + 7.7% -
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Primary Flow
Flow \\\\:::k. \\\ Circular Arc
N (for secondary flow)
2. Nozzle
~
\\\\\\\\ Upper Wall
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Flow
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O
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(for tertiary flow)
-1
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Figure 1

Initial Line for Flow Calculation
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Primary Nozzle

Side Plates

Nozzle Positioning Plates
Suction Plenum

Upper Contoured Plate

Lower Contoured Plate

Plexiglass Windows

Inlet Bellmouth

O O N O U NN
e & e e e & e e e

Coanda Surface

Figure 2

Assembly Sketch of Two Dimensional Ejector Test Rig
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X
ko) n
millimeter
1-2 22.5° 20.3 -15.4 16.6
3-4 45.0° 20.3 -64.2 49.7
5-6 45.0° 33.5 -73.7 40.2
7-8 67.5° 17.8 -96.0 109.2
Figure 3

Drawing of Nozzle Coordinate System
and Positioning Data for Eight Tests
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Nozzle

Mixing Section Side Plate
Top Contoured Plate
Bottom Contoured Plate
Table Top

Screen

Solid Side Plates

Nozzle Positioning Plates
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Figure 5

Extended Inlet on

Ejector Test Rig



Figure 6

Side View of Test Section Showing
Nozzle Positioned at
22.5° and 0.020 meters (0.80 inches) spacing
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Figure 7
Side View of Test Section Showing

Nozzle Positioned at
45° and 0.034 meters (1.32 inches) spacing
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Figure 8

Side View of Test Section Showing
Nozzle Positioned at
67.5° and 0.018 meters (0.7 inches) spacing
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Primary Flow System

Mixing Section

Primary
Nozzle

—

|
L

Manifold

Safety 900 scfm
Valve
I . Compressor
Orifice for Automated
primary flow Pressure
Regulator
Mixed Flow System
Main
Plenum ﬁ
Orifice for
total flow
Bleed
F_rj Valve
Roots 1
Blower
Boundary Orifice for
Layer Suction suction flow
System
Figure 9

Schematic of Experimental Layout
for Reduced Flow Conditions



Figure 10

View of Test Facility Showing Plenum,
Mixing Section, Manometer Board, and
Pressure Sampling Valves
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Figure 11

Top View of Mixing Section Showing
Static and Traversing Tap Locations
Traversing Probe is Positioned at
A" Location on Coanda Surface
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Figure 14

Side View of Test Section Showing
Extended Inlet, Mixing Section and Suction
System Piping and Manifold
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Wall Static Pressure - inches of water gage (x = 10.0 inch)

Wm = Mixing Section Total Mass Flow = kg/sec.-m.
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Comparison of Experimental and Analytical Flow Rates

Figure 15




Wall Static Pressure - Inches of Water Gage

Solid Lines are Analytical Results
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Figure 16 Comparison of wall static pressure distributions
in a symmetrical mixing section with a 1.875" throat
computed with the present streamline coordinate pro-
gram and with the program from CR-2251
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Wall Static Pressure - inches of water gage
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Figure 24

) in the Mixing Section
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Nozzle Positioned at 22.5° and 0.020 meters (0.80 inches) spacing

Locii of Maximum Stagnation Pressure (P
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Figure 27

the Mixing Section
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Figure 28

) in Mixing Section

O max

Nozzle positioned at 45° and 0.034 meters (1.32 inches) spacing

Locii of Maximum Stagnation Pressure (P
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Figure 31 Total Pressure Profiles for Run 7 at x = +0.013
meters (+0.50 inches), Nozzle Positioned at 67.5°,
0.018 meters (0.70 inches) spacing
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Figure 32 Total Pressure Profile for Run 8 at x = +0.013
meters (+0.50 inches), Nozzle Positioned at 67.5°,
0.018.meters (0.70 inches) spacing
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Figure 33 Velocity Profiles for Run 1, Nozzle Positioned at
22.5° and 0.020 meters (0.80 inches) spacing
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Figure 34 Velocity Profiles for Run 2, Nozzle Positioned at
22.5° and 0.020 meters (0.80 inches) spacing
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Figure 35 Velocity Profiles for Run 3, Nozzle Positioned at
45° and 0.020 meters (0.80 inches) spacing
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Figure 36 Velocity Profiles for Run 4, Nozzle Positioned at
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Figure 37 Velocity Profiles for Run 5, Nozzle Positioned at
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Figure 38 Velocity Profiles for Run 6, Nozzle Positioned at -

45° and 0.034 meters (1.32 inches) spacing
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Figure 39 Velocity Profiles for Run 7, Nozzle Positioned at
67.5° and 0.018 meters (0.70 inches) spacing
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Figure 40 Velocity Profiles for Run 8, Nozzle Positioned at
67.5° and 0.018 meters (0.70 inches) spacing
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